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PREFACE 


a.riLi2.ni.rcs ri 

the role of the ocean in Gi4ma»-A a growing concern about 

- £r 5r^"v- 

rpfL- 

relevant ^ean*^processes*^u^^ recent advances In understanding of 
that a structurL discussioS^«rtL^° a number of interested scientists 
tions of the ocean lull 

Ocean Climate Research Co^utee of "" 

Policy of the National nap^*.. ^ ^ ®" Ocean Science and 

was held Au 9 uL 1«3 >«>''‘«‘>op. which 

“• ?ss;s„“s££”“ “ 

s^;r;r.s^sars'Sr“”"”^^^ 

Si?y°thrpiwnnd°"^ 

ocean Circulation E^tinJ“°(^|, 

to determine what the 0 .S role iJauih ^ ability is achievable, 

rs:.‘^‘.sss;.s; “ 

coS 

Where they served as a basis for'^discussion.'’“™f ^a'pws^^over 

ix 
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enormous range of Issues, from specifics of particular instrument 
accuracies to semicomplete outlines of concepts of the entire World 
Ocean Circulation Experiment (see Appendix iii) , These papers 
represent personal views, and it was recognized that not all the 
recommendations and suggestions could be carried out. 

groups were organized during the workshop to consider 
specific technical issues and present their findings at plenary 
meetings: 


• GROUP 1, -Water Hasses and Their Exchange”: William J. 

Jenkins and Joseph L. Reid, Co-Chairmenr Bert R.i. Bolin, Neil L. 

Brown, Kirk Bryan, Curtis A. Collins, James Crease, Robert Etkins, 
Manuel E.Fiadeiro, Joseph Pedlosfcy, Peter B. Rhines, Claes G.H. Rooth, 

Jorge Ii. Sarmiento, John Steele, Henry Stommel, Bruce Warren, and Ray 
F« Weiss. 


2# "Atmosphere-Ocean Exchange”: Pearn p. Niiler, and 

William George Large, Co-Chairmeni Joost A. Businger, Anthony Calio, 

D. E. Harrison, Robert H. Heinmiller, Jr., A.D. Kirwan, ^ujl Klmura, 
John Morrison, William C. Patzert, James P. Price, Roger Revelle, 

Robert H. Stewart, R.W. Stewart, and John Woods. 

• GROUP 3, -Velocity Field": Harry L. Bryden and Walter H. 

Hunk, Co-Chairmen: Robert E. Cheney, Russ E. Davis, Michael Ghil, Dale 

E, Haidvogel, Michel Pierre Lefebvre, James R. Luyten, James 6. Marsh, 
paoia M. Rizzoli, Allan R. Robinson, Robert C. Spindel, George Veronis, 
Douglas C. Webb, and Stan Wilson. 


Each working group prepared a report of its findings. 

In organizing the workshop, the Steering Connnittee attempted to 
assure that a wide spectrum of views would be represented. The result 
was often heated and wide-ranging debate; nonetheless, by the end of 
the workshop, consensus did develop that a world Ocean Circulation 
Experiment appears feasible, worthwhile, and timely. The workshop 
participants made no attempt to design such an experiment, but did 
agree that such a program should have the following overall goal: To 

understand the general circulation of the global ocean well enough to 

pe able to predict oce an response and feedback to long-term changes in 
the atmosphere . ^ ^ 

Discussion of the overall goal, specific objectives, and 
recommendations for next steps in planning such an experiment are 
included in the text. 

Financial support for the workshop was provided by the National 
Science Foundation, the National Oceanic and Atmospheric 
Administration, and the National Aeronautics and Space Administration. 


uari wunsch. 

Steering Committee Chairman 
D. James Baker 
Francis p, Bretherton 
Wallace Broecker 
James C. McWilliams 
worth D. Nowlin, Jr. 

Ferris Webster 
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CHAPTER 1 


introduction 


is circulation of the ocean 

ocean chemistry, and bioloqy The o™ problems of climate, 

with temporal aid "patl^i vailabUiron 

ment that the observations necessarv^to scales. There is agree- 
and space scales everywhere are i» define ail the important time 

present inability t^^serve the is our 

requisite long time scaleL *^*'^ee-dimensional ocean over the 

o»u,' 

Studying the aenerai available to oceanographers 

demonstrated! others show promlae^A^^”'4 exist, or have bean 
five years. Most of tLse'^dtveinn^^«4."‘^^^ developed in the next 
field unless there is a broad bas^of unlikely to be used in the 

Examples of such devSentrwith 
generating useful observati^a k least a potential for 

are as follows: basin scales to near^global scales 


the winffS^sfllri^^ Realistic quantitative estimates of 

an instrument. The probi™ of dlrect^nfi^^^^f'^'T measurements by such 
with more recent designs. <^i>^ectlonal ambiguity can be overcome 

-e Iur f ^ eXL1L':i"I- ’,erce^tLf'^^^" 

km to 10,000 km; thr^solutf »£ 25 

surface of the oceL could be “ variability of the sea 

to years. ‘*® -ietermined globally for periods of days 

and Iur ^rdrXrs°^an ‘no!°he subsurface floats 

Circulation could be deternTnea fi-tances. Ocean 

although the number of f!oats/drlLen 

clarified. noats/drifters necessary remains to be 

Pressurr^Sd^thiT^UMtlEfes yieldingnn'"^*"^^ air 

globally from surface drf ^ air-sea fluxes can be made 
spacing compatible with abnoenh These could be deployed with 
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fron.‘smi n°wL^rr‘'T"*^'^ - techniques for tracer sanipling 

issi,r“‘” 

Ucross ^ functions of depth over entire ocean basins 

lacross hundreds or thousands of kilometers). 

such £- rri^i-rr ' 

™steoroxoqj::-rf1:^1‘“ rt^e:rstel“*“^ 

growinrinteiSnari*’r® ‘he same time that there is 

biS ?“• •“ 

fundamental problem is not that of cliSte 0 . 7 ^° !t is the orLie„ e 

S^must^rf the general circulaUon ol the ocean? 

which must be known to understand the role of the ocean in climate it 

oL^®ciriulation''^f new developments could be used for observation o“ 
ocean circulation, for studies of climate and for other purposes For 

Oo??n ‘he Ocean climate Research Committee of the Board on 

?or?s"hofen”??t?e"d ‘° “SC the 

Circul!?ion Of Seans Understanding of the General 

alobai ohflft ® Pa*^ficf^nts prepared papers on the general concepts of 
deliberations p they are included in Appendix iii. 

SL“3H» ~ r 



ci rculation of the global ocea n well enough to be abif> to predict ocean 

feedback to long-term ^nges in the atmosphere. 

Several other major conclusions were also generally agreed upon* 
that several of the available and developing technologies made s^'a 

s right for planning and executing such a global experiment- that the 

anrc^~rS"in “ unprecedentea de^e of consensus 

i r °°eanographio community; that the immense 
i-hft ^ r^lred to mount such an experiment would be worthwhiles and 
that such a program would likely require a decadal timrscale 

5 

rem™ beyond these generalizations the workshop participants 
recommended that plans for WOCE should proceed. They Le ho^l that 

wiu''bre^dlrserb“®th" ® ^ 

funLnu oceanographic community and that the o.S. 

funding agencies will ask the National Research Council to annolnt a 

wo^d p^yfd^ Circulation Experiment. Th1 

would provide regular guidance on planning for a n s wfv^ 

appropriate panels of the Committee on Cli^tic Charts and 
the ocean (CCCO) and the Joint Scientific Commlttee^SC? in ordL to 
Svise liaison with international planning for the WOCE, and 

Of a U.S -^endes on the implementation 

anrt Prooeedinp reflect views expressed by workshop participants, 

and the overall goal and specific objectives as stated in Chanter T 

stfL"'fn th" ‘’y the participants! IL sugSd Lt 

Chapter WOCE are outlined in 

P 3» The reports of three working groups* which were oraaniva*? 

i“ch!p“r *=° specific technical issues, are included 












CHAPTER 2 


STATEMENT OP GOALS AND OBJECTIVES 


The workshop participants agreed on this overall aoal of 
contribution to a World Ooean Ciroulation Exp:ri^:„t = 

“’^'ooLf will Circulation of the global 

to long-term changes in toi^atooSel and feedback 

^ of specific objectives were 

identified by the workshop. These specific objecti^s are as follows: 

«f ti; o«an?"®"®"" “ ^"®«fPffon of the present physical state 

condi^i„!“ f''® description of the atmospheric boundary 

condition °» ‘he global ocean and to establish their uncertainties. 

for ouanUtftivi^«i-l boundary layer of the ocean adequately 

tor quantitative estimates of water mass transformation. 

cceai'cir^^uStton"!"" f" ‘he global 

the 

Elcbii 3c^le^rio“ °» a 

of participants recognized that the goal and objectives 

not fuUy f ® Intentional? We ^y 

SJ"iS “« • 

in the overall goal is included the ability -to predict ocean 
ir^der to Climate changes in the atmosphere- 

attempt to measure our progress. 

intermedlate^ftK^*^ attaining the overall goal, a number of valuable 

swtmS. at flttt"t»clM^^^^ ®“'"® "*®®® ®‘® identified 

y The first specific objectives (1 through 3) listed deal 




irl.v :ViV J 
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with basic descriptions. These are followed by objectives coneemino 
fund^ental processes or phenomena to be understood for the ^ 

construction or predictive models. 

H ifofth; ° aoBcriptlon of the prenen. phY .,r .1 

Physical state of the ocean is 
^ ^ global distributions of density, passive tracers 

and low-frequency horizontal velocity. This descriotiL ! ' 

understanding the circulation of the oceL as rsin^ 

othL r potential vorticity. verUcL velocUy“aS^'' 

essrntfarro\rs"^h5^ru“^^^ » — nts 

wav a« global sampling of ocean tracers (now under 

way as the Transient Tracers in the Ocean program) ; 

• Global sampling of the temperature and salinity fields; 

Drifting Buoys^S'"" hagrangian 

of sIteli!te\nr‘’^^S® forcing fields by a coinbination 

or satellite and surface measurements. 

siniDlv to resurvey the global density field instead of 

in selected aLir repeating density measurements 

in selected areas, other requirements may include widely spaced direct 

bas!s ari^tensi:: 

direct current measurements in selected energetic regions. 
p JECTiVE 2. TO improve the description of the 




53SIS5H1 


Objective complements the first objective by 

wedictiL a ^ndltlons needed for the application of models 

predicting atmospheric forcing effects on the ocean. Moreover, this 

obSrr^^°" provides boundary conditions necessary for the use of 
observed oceanic distributions of tracers in describing the time- 
averaged ocean circulation as well as internal mixing. 

Specific requirements in support of the second objective Include 

SthM^sateiiif scatterometer from spacecraft and 

G^bfi measurements required for global surface heat flux. 

Global esti^tes, derived from satellite, surface drifter, and ship 

Surface P’^epipifcatlon, and accurate sea 

waterflu^r'^EM^ts ‘*® •=“ determining surface heat and 

! Efforts are needed to learn how to make these 
measurements. Surface gas exchange rates and variability of sea ice 
cover are examples of other requirements. ot sea ice 








6 



Improved descriptions of atmospheric 
boundary conditions (objective 2) , we need to understa^Se efLcts of 

0ut^d2crloM“" boundary layer of the ocean (objective 3 ) . 

varifblli^r^?" ? surface layer must take into account its 

ther^iin^' the development of the mixed layer and seasonal 

co™L„ • there Ifd^P 


OBJECTIV E 4. To determine the role of 
global ocean circulation^ 


interbasin exchanges in the 


that Lovfi^rh it is the interbasin exchanges 

to a truly global ocean circulation. Monitoring of the transport and 

be needed through Drake Passage, through the 

irminitorinrof ^ Greenland and Scotland, also needed 

Atlantic lito K ^®SP «eter from the Antarctic and north 

into the major basins# which occurs principally as intense 

meaLre^^^^" boundary currents. Deep western boundary current 
measurements are probably the only effective means of determinlno the 

level weLern^r^ Circulation. Finally, the monitoring of^u^r 

f boundary currents is needed to constrain the u^r w^r 
in each basin for model calculations. Both deep and upper 

e^ttaates? "“"^‘“‘"9 is needed for direct Lat trMsport 

T transport and stor«„.. 

in the heat budget of the earth . 

It is known now that the ocean heat transport across some latitudes 

tL exMBuin of ‘^“sPO'^ted by the atmosphere. However, with 

few other^oLtfn^= “"k 24-N in the Atlantic and a 

»e have only rough, and sometimes conflicting, 

g?larhe!t understand thl 

be kni,^ Bant^rih heat transport and storage in the oceans must 
are n^ed specific requirements needed to determine these 

?n aSdif! ‘he support of specifics (objectives 1 through 4) . 

In addition, estimates of intermediate and deep water formation^rates 

oeoani'’''i'^®^' *'’® water across the sea surface and the 

oceanic transport of water are important to this goal. 

?• determine seasonal and i nterannual oceanic varlahim-v 
on a global scale and to estimate its consequences . ^ 

have"L!l"vet’'h!ld sre strong seasonal cycles in the ocean, but we 

alobarban^ w f ® examine their characteristics on a 

Osclliatioi index “"hh signals, such as the Southern 

oscillation index (a measure of interbasin sea level pressure differ- 
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essential to the global problem. “ ^ oceanic gyres are 

behind the progt«n 

given in the reports of the thre?m^t”'h"*^° needed to approach them are 
presented in cKr 4 . ““=b ere 


CHAPTER 3 


NEXT STEPS TOWARD A V,S. WOCE 


desira^iuty feasibility and 

feasible, and the next necessary steps were considered. 

O.S.“:o:p:n:nr:ftht ^Lrurau^x!:: f " aevelop»ent of a 

by the workshop Steering Committee. Experiment as identified 

and ideas of^rkshop partlelnrn^^^^ ®®"s*sts of Inputs to 

KS'S'ss r.s.'rs; “• '“^”- 

cSI^Sent of i">Pl«”>ent-tion of the a.S. 

CCCO/JSC. That committee has established several workina arouoa for 

"sr r »s X;sr.s: 

fo?Sg topics" that the working groups focus on the 


i. 

lie 

ill. 

iv. 

V. 


toean surface layer and atmospheric exchanges 
Ocean velocity 

Global temperature and salinity distributions 
Tracer distributions 
Oceanic heat flux 





via Znterbasln exchanges 
vii. Modeling and data synthesis 
viii. Technology development 

time-varying velocity on larae scales, (2) 

statistics, and (4) scales that miaht- mesoscale 

“f sS H ■- - 

component. Becausrof tte Mnw tLhfi scientific plan for the O.S. 

ttU"X“rrtT -Tu^Befttofa^ir^ 



CHAPTER 4 


REPORTS OP the WQRKTWfS rspnimg 


INTRODUCTION 

the LuSrl® 

participants consiaered thrio^LrC^u^ 

=irciiatl^„*‘^":;:“ ^ underst,„ai„, of the. general 

»U3t^be so^“:a“!: o\tr“t^“SeCs^r 

Of global)? advance (consider your definition 

studL'd iro\^e\"to‘’:„dSnd '“'«<> ‘«« 

listed in priority order? *** critical problems? can they be 

expect in*the future?®'*4at dat^fields'^' realistic to 

description? Wha? "Ll^J^ts fle?d? 

rt!crii:iL:fd‘i:t:s^^^ 

mix of satellite measurements)?*^ icular tracer measurements, various 

devel'^pme^^: «Tt“o“b: 

and data assimilation models! * future? Consider OGCMs, EGCMs, 

exist: or «“n t^tyTe TtL^T^ «>ey now 

timetable. What studlea*^*^* 5°"^ proceeding? Formulate an overall 
now for planri“g?®‘“"*“ simultaneous? What needs to brdone 
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GROUP Ig WATER MASSES AND THEIR EXCHANGE 

Members g William J, Jenkins, Co-Chairman 
Joseph L. Reid, Co-Chairman 


Bert Bolin, Nell t. Brown, Kirk Bryan, Curtis A. Collins 

P^SlLk^reUfar^ires^^Cl^^^^ ' 

F? we!ss!' Bruce W«ren!“and Hay 


Motivation 

Sir™ o. 

Further, the principal means^whereb^th mankind's InterestE 

atmosphere) communicates with the deen^* surface ocean (and hence the 

water mass conversion! that L '=''® 

surface water nroe=r*, rs, the thermodynamic modification of 
water mass conversion or fornatloSS"*^ vertical motions. Inasmuch as 
its perturbat?onsSthere eS^Sf efdL“ck'"L‘r »"<* 

mass foSlo^and ^tionfS™ processes=®of water 

^c-e!re: these 

” “£F ~.r„, 

condSs" IZ hTtor"y'uf“"a“„\?:nt'>‘’“'"l’^ 

haif.if^asi nxecory (it transient), and in-situ behavior (&.a 

provla. a !eprJ^lttve^J^r^‘‘at 

=^rT,B‘-.ys:su;!^’TT‘' P"-°- -X 

today Should providf IZaZnZf" measurable 

models that migh^ othLwls^bf difSt"^^^^ 

is particularly important for model vaiidan feature 
Programs such as GEOSECS and TTO (Transient Parameterization, 

provided high-quality tracer data *that h, ^ Ocean) have 

or ocean circiu^tlon aS"t%nt^rt“ ~^®1 b 
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5bS““'^ SS^t^-'S.KSr. ?tL“- 
^«“r„vsj.TS“«iTS„r. “~ ”' '■“ 

s£F^ “ “.S!i,r„"S-:ss.- s k srjs“ 

^ observables, but also should have prounostic 

capacity: the degree of success in the latter is gauged by be magnitude 
Of the ^rturbation in forcing that such a model can realLuLur 

reHt^ i» this regard is directlj 

observftions? “"^trained and validated by 

Ctudie^s S:: 

tc^n|“cr «-- - =S 


Specific Recommendations 

Tracers provide extremely useful information about oceanic 
transport processes on the climatically Important time scales fvMm to 

constraints or*’th and quantitative integral^ 

rnr^L w?o ““^=1 questions of water mass creation, transport, 

n^elt the o?o‘ ”’® opportunities presented by the WOCE concept,*^ 

^ ® coupling of tracer measurements with an IntenL 

lTOliited‘’rr'''®‘i?" ®"^ satellite observation, should be 

exploited thoroughly. The working group urges the following: 

(a) that there be a carefully designed tracer and hvdroaranhirv 

examines in this “US 

(b) that the scope of the BOCE program include not only larae- 

SlS«s’a?®rS^°*’“‘’ ®1®° “"® series measuremeMe iS key 

d sPP'spriate frequencies, and regionally intensive studies 

SoSditiSni"?hSrh"V“? specific processes and boundary 

water iss StrSrre^ions"f hlgh-latitude 
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(c) that some attempt be made to coordinate the tracer and 
hydrographic measurcmeiit program with such parallel activities as float 
and drifter releases and current meter deployments; 

(d) that some consideration be given to better establishing the 
behavior (boundary conditions, time history, and in situ behavior) of 
some tracers that may be of use to the overall WOCE effort; 

(e) that some attempt be made to optimize sampling strategies on 
the basis of existing models, and to foster model development on the 
basis of existing data; and 

(f) that a panel or working group be assembled immediately with 
the charge of following through on the above recommendations <> 


Tools 


Tracers represent the primary tools for studying water mass 
formation, motion, and mixing, but clearly we need to start with a 
well-defined and carefully monitored foundation of high-quality 
hydrographic measurementSo Measurement of the field of mass should be 
a fundamental component of this program. 

The more useful tracers from the viewpoint of examining ocean 
transport processes are primarily those tracers that have no (or very 
weak) in-situ biological or chemical activity. These include the 
isotopes produced by bo^ testing; tritium (^h)- (^He, ^^Sr) ; 
industrial byproducts: ®®Kr. haloraethanes (Preons) ; and certain 
natural isotopes: ^®Ar and Other tracers of biogeochemical 

interest include the nutrients (nitrate, phosphate, and silicate), 
oxygen, CO2, and c. This latter group also provides semiquantitative 
constraints on transport and mixing and, where their source/sink terms 
can be determined with some precision, may prove valuable diagnostics 
of ocean models. Other tracers may eventually be added to this arsenal, 
depending on agreements in measurement techniques and our understandina 
of their behavior. 

First-order observations of tracer distributions and their evolution 
afforded by the GEOSECS and TTO programs provide important guidance and 
constraints in the formulation of models and theories of ocean trans- 
port. Beyond this, the Interrelationships among the tracers are useful 
and potentially definitive tests of these models. With this in mind, a 
well-planned regional study should not only emphasize those tracers 
with the roost appropriate boundary conditions, but also include other 
tracers (at a more modest level) that provide ancillary or sometimes 
even redundant information. 

The tracers mentioned above can be divided into two groups on the 
basis of logistics: those tracers that require relatively small 

volumes (<10 liters) and those that entail the acquisition of large 
(^50 liters) volumes of water. 

The former (small volume) group may be further divided into those 
tracers that are measurable on the ship (e.g., O2 nutrients, Freons, 
and CO2) and those that are measured on shore (e.g., 3^^ ^He) . 
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Xarcye-volume group Includes 90gr, 14c* aSgr 39, ^ 228 

Whereas it is teraotina ^^Ar, and ^^®Ra, 

small-volume tracL g?oup the the 

relatively infrequent sampling of t^ria™° ® coarse, 

powerful incentive to suoMrt large-volume sample provides a 

finally, it sho^rd b^e' XrZ^^ «“• 

differ in practice, the comb“aWof off tra^ ® techniques 
with limited float and drifter releaao„^«*^ measurement program 
prove a useful approach if certaiJi f f nio rf ions ' ^®Pi°V™ent may 
detailed characterization of tracer dlst^K. example, a 

during a current meter re-ord mav alinw^ ® boundary current 

In addition, the use of f != aUcw a direct estimate of fluxes. 

of the sea surface state durinu nerlnri ® large-scale average 

complement tracer measurements in sLdyin| aic-LTeLhZ”'^^^°" 
regional basis. *»-uaying air-sea exchange on a 


Areas of Interest 

Of thf of'af tf h°at 

synoptic is a concern, but a ^ ® Picture cannot be truly 

decadal time scales can fulfil! this aoai^h"® strategy extending over 
satellite data and some r%\\\"^oh\^ta^“?o^:!’®" 

arearofthe of e^^uf f "°‘= *’« certain 

Stream) and perhaps ev^n repeaLfmf f f f f ® tfef minf f "l"’® "f* 
seasonal trends. Althenoh ar^r^s^ici *.w bo examine secular and 

1. oi ,s s .T.imS”: * “ 

are already well u.. riiied in^ resampling areas that 

especially useful in assessino the"” ®"" hydrographic standards may be 
surveys. assessing the representativeness of the WOCE 

Placef fhf rf tafs^rf'\f fonft^f rnef 

cally to narrow Xf f hef f nf ud! f ^ “ topographi- 

Stream and Kuroshio, , major overflows f ^ n the Gulf 

Regions wheffmafof faffr ^asf^s^'are^^^^^^^ “ 

sampling or process studies. These Ineludl repeated 

formf ate thfla^Unf f document to fully 
Planning progressTsfo^ dfvflfTa vUbLf f grfm?^^®"=^ 


l‘t“maTb“e™mf ^fslblf CsufTl^of f 

sufficient accuracies for ocean tzaclt par^Zl 
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Exper inental Approach 

exclusive T" necessarily 

properties ^fthe LsrCrtant oTthI fLr"Tin,r 
however, may provide i™Portant"co:Llativri;for^u:r 

mixture of these approaches needs t-n\ synoptic" data. The relative 
Should be considered an important comp^nenrin pUnlng^ 

scai^-feSrrf^n^s^^^ 

rncfprih“n:?:e^liV^ 

look for secular chances in gaps," as well as to 

temperatures. salinUyrdensitv observables: 

salts. Further, the delinesH«« e ®°®® nutrient 

tracers, plrtlcilartv distribution of more "exotic" 

understood boundary conditions tracers with moderately well 

our knowledge. SuL tracer! “ important step forward in 

rdi— 

■°‘T 's; 

ts:.s“ s;. 

in themselves. hence important observables 

carefuiiw 4. ^ ^ natively modest monitoring effort. A 

tificfliy effLti^eTurwZd‘"/"\“‘™''' 

collaborrtive effort ml f r™ be amenable to international 

region and the properties rnea^rs^^ sampling depends both on the 
would Plcturra mS constraints. One 

year, Ld probLTy shorteHi f P®*^ 

to be studied. ^ ^ seasonal effects neea 

progr\:s^™eme"d%";^^^^^^^^^^ -oh sampling 

"Post-WOCE" phase. This^av ^ should be continued through a 

representativeness on the 

effort. only a modest expenditure of 
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3. Regional (process-oriented) studies. Certain critical areas 

taktn^”h large-scale distribution more useful. Care muft 

t^en, however, to decide how much of this is appropriate within the 
WOCE progra^ and how much is better pursued in parallel programs. 

4. Purposeful injections. The deliberate injection of sianificant 

obS^e tLlr substances into the ocean so as to 

r subsequent o.4.sper8al on large space and time scales mav 

of approach to studying ocean transport processes, ^number 

tLl introduced at a numbL of pla;es an^ 

or ^de^ etc^^av conditions (i.e., behavior at the ocean surface 

procefses IccJ^Tno to illuminate the different 

problems substantial engineering and technical 

Unf rr! rf and the scientific design of the experiment 

tecLique! ^ »ut there is promise in the 


Modeling and Interpretation 

frameTO%®of°wo!rfo!l“r''^“^ development is important within the 

reasons. First, the existence of a "working 
h^thesis will prove valuable in formulating and optimizing a sampling 

win risult L°orauch\‘®®‘‘ assimilating the data that 

^ program may be aided by working models. 

Both eddy-resolving and non-eddy-resolving numerical models have 

power decade due to improvements in computing 

power and theory, and further improvements are expected. DevelOf^ent 

fLciirii'^a Halistl "'"dels that couple to atmo^heric 

^way ihat makes®. ^ formulated in 

TOeorlr f validation by actual observations, 

of winravreran!3°th ■ developed to describe the morphology 

snhrre rnjection of tracers into them from the atmo- 

mid theoretical and numerical studies of the 

circulation are much more difficult. We Le 

“ratif^catiorf circulation riding upon a known basic 

Stratification (a 10-year problem in terms of response times» but th^ 

production Of the basic stratification (a 100o"e« problemris toe 
challenge that parallels the observational parts of WOCB. 

in exploring their utility in experiment design and validation. 

useful'^irthft® and resultant error fields may be 

useful in that regard. Beyond this, work is already progressing within 

stim^"f®" groups. The strategy for WOCE might be to support Ld 
stimulate communications between the modeling groups and the 
investigators involved in the field work. 









Sunnnary 


dL^^SutL'"" obBcrvation of transient “LS!sLtf JrLer'" 

hydrographio%amplinr™ogra^‘*t3SSd^with^ome^ ®"'* 

process-oriented studies, ^ ° series and 


GROUP 2 s atmosphere-ocean EXCHANGE 

Members; Pearn P, Niiler, Co-Chairman 

William George Large, Co-Chairman 


f Robert H. 

StetaTt k I IlllL tobert'H. 

Dcewart, R.w, Stewart, and John Woods, 


oFccxric (ioais 

oonditiojj^ o^t^^^^h “E the atinospheric boundary 

eacf tL“ the uncertainties in 


issues and Recommendations 
Prom the Background Papers 

from a WOCE view^int"are rantnned"l*^th"^ atmosphere-ocean exchanges 
Of Large, O-Bri^ aL^w:or Ue^lp^nal: """"" 

continuous ®’’ “hlibration data, and for 

The SEASAT experience demonstrated the caDabiiif-v np ^ 

XtanSy reduerSe ”^T geographical averaging could 

speS of Le surLXlnS””! ttog“ency-wave number 

assess^nr ® quantitative 


i i cg >»aw«j gw» 


reduced''5L‘*future°La^eroi!^^^^ "'“=h 

whether it is wind speed or stress that*^irLl^ 

• All aa*-an4*.« Stress that is being measured^ 

data in“ der 1o rLcHh^jr^t^Uai “»°--ting surface 

usefulness, it is “LnUal accuracies and hence 

necessar. ^ 

prove good'rn“rtrb: crsid'^rLl 

stresftrwra r^iifemlnts from‘’^JerdaL‘(e1“”"IF%^^^ 

noise, altimeter data, sea level nr«««.,r f underwater acoustic 

refined techniquersuch as llZllJT I f Indirect 

heavily filtered data, it would***-h^ c model outputs and those using 
measurements when there are no r i-t" possible to continue stress 

Cloud „K,tion vectors in th. tropics anTf"”' 

elsewhere provide directional inforniRi^f ^ P^^sssure network and analysis 

?:;cS„s rM »s,S3.r*“” 

turbulent exchanaea in ^ ®bal bulk aerodynamic estimates of the 

(e.g., in wind, SST, andTu^ility^ than“to measurement errors 

o . c_ a,v%A n m V. wuiuxaicy; , than to the transfer coefficients 

orde^to coiiipInsatrfOT systSic“melsu* “efficients in 

satisfactory procedure! ‘““ee^^ement errors is not a 

the latent ZlttlZ !re'thf twi"^:sf end 

surface heat flux! but LitL! ?h f important components of the 

heat flux can be neglected everywherr^rth^tlme^"" 

heat fluHave Tverf eurface 

• nuJ^^ 5 ^ ^ improvement? of little improvement? 

variatlL irsfhen°!f^° requires knowledge of the seasonal 
precipitation. All of these°S!'^"*^^ ' heating profile, and 

layer depth? ;em~!a?urf and oycle of mixed 

betweenVheTt^s^Le'^^d 

!a??'Sr1;n“ct!?f2ve«urn?Sg"nee^ 
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Prom the Discussions 

not In ordrof priority! P^Pe^n and are 

netw;rlc°trp"v!driad^S'de“tittf^" °l obeervation 

atmospheric boundary layer taramA^f Important ocean and 
overall goairof ^ well-matched to the 

temporal “Lienors; t of the spatial and 

Examples are tte *’® defined. 

trrj " »• “ .. 

mix reconsider the 

adeauatelv daftL f V boundary layer observations needed to 

Can we estimate heat budgets “ade^^tely? *^lf®not°*which®^°“’“^ oceans, 
important and crucial- q<j*p “ not, which parameters are 

ttr; Tips^f^' ««^la^"ton^:ach^n1"h"^::^^^?:c^'‘"“" 

can provtdl drifting .fl„K"'buoys 

limits'^ i * boundary layers needs to be studied and 

rang^frr^uaitUativftrgualitatf"^^ 

(surface stressr and ^t T e*°hange is that of momentum 

global obser:ations“us!.^g‘^p^^U^^"y^"®3«^^^^^^ ■“’'® 

by other satellite data % a aiM„L!!t ' ®"' a“PPlemented 

™ -‘"J- 

soeclfled ' aoouracles needed for WOCS have to be 

specified. It is recommended that this be done soon. 

the net soLrheatfn; “ P'«a«"<=' global satellite measurements of 

si;.iS2.5 V“ir °'SHSr” • 

=*32: :r22?„“2;g:;: •-• 

ci.^u.1.. ... „ . h„/^'„s.,ra2.;i.S2: 
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radiation, latent heat, precipitation and SST estimates will be 
required for determining the surface heat and water fluxes. Efforts 
need to be initiated with the goal of learning how to make these 

total”^nux?*^ '**'*'®'*^ directly the 

Related to boundary layer conditions is the heat content of the 
upper oceans. Over certain regions of the ocean and times of year, it 

(St? expendable bathy thermograph 

^ ^ ^ primitive manner with altimeter data. Over 

I tt certain seasons, its changes are closely 

related to the net surface heat flux. ^ 

is rMuiSd“fS® “ *=*>« “lar heating profile in the ocean 

estimation of water mass conversion below the mixed 
tropics. Sensitivity tests have shown that it is necessary 
turbidity (l.e., phytoplankton concentration) of 
d??a f ocean. This might be done globally by suitable processing of 
ata from a satellite ocean color imager. A program of in-situ measure- 
ments will be needed for calibration. 

* Liquid water flux. The net flux of liquid water at the surface 

salinity condition, and this is an Important boundary con- 
Clitic water mass formation problems. The flux is deter- 
mined by precipitation, ice processes and evaporation and is poorly 

ice processes, the major problem is the 
difficulty of obtaining quantitative precipitation information, 
recipitation is extremely intermittent in space and time and thus hard 
to s^Ple. All means of improving precipitation measurements should be 
considered, especially those using satellite radiometers, because they 
are showing some promise (SEASAt, Scanning Multichannel Microwave 
Radiometer (SMHR) ) . 

* Trace gas exchange, A most important climate factor is the 

anthropogenic production of CO 2 and other trace gases in 
the atmosphere. There is evidence to sugg^t that the ^CO, level in 
the oceanic mixed layer importantly affects atmospheric'^oCOo and 
other gases may behave similarly. Although not central lo TOCE, its 
network should be equipped to make mixed layer nCO? 
measurements, and the possibility of improving our knowledge of gas 

utilizing a satellite ocean color instrument, 

should be examined. 

* regions, A close look needs to be taken to determine 

special efforts are needed to describe the 
surface forcing functions and boundary conditions. These include (1) 
regions where the boundary exchanges are particularly strong, such as 
the large evaporation from the Norwegian Sea, where sea surface tem- 
perature cannot be determined by conventional satellite means, (2) 
regions iidiere few or no data are currently available for evaluating 
satellite products, such as the South Pacific Ocean, and (3) regions 
where the depth of summer therroocline is much shallower than the depth 
of winter penetrative convection. 

of recognized by this group that the effects 

K ^ interannual variability of sea ice coverage on the 

atmospheric boundary conditions on the global ocean need to be studied 
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component of^th^ »^^ "nQc^ct w c c ”uI h° ^ important 

is now being monitored routinely from satellites ^"it*"!^ 

rSat 3ufficient/aS-i/Lt! wb^el^^ 


GROUP 3 s VELOCITY FIELD 

Members: Harry L. Bryden, Co-Chairman 
Walter H, Munk, Co-Chairman 

tobert E. Cheney, Russ E. Davis, Michael Ghil Dai*b p 

distfi^ut^Hy^e: co::trfbui;‘: ra“1‘°"^' “ 

global scale; and the second the velocity on a 

critical regions Both at^al roonltoring of currents in selected 

uoni! 

he ^emely useful but fa^"! 








measuaig^pCL:" Z"usi b«i:;s':itrTr“"‘! 

reglois!“°" c^rtaL L'^rL^rJcted 

?.‘S 

«e Acoustic Doppler measurements from vessein to r*^^r,4A^ 

=;:rtsi!e: zzzr:.i^:[TZTAii 

aept^,s,"s:?Se““o!i 

at lOOO-km intervals are r^uired ““‘““"oas receiver moorings 

vort!;itJ?'^a"?e^ra"u“r: 9 yre-scale averages of velocity, 

averages^e -iSl^te^bnCsTtb^Jirs*^^^^^ 

combinations of ( 5 ) and , 6 , can provide viriable ar^arg»^i;ief!“ 


f 'liTI'V •y?~lii'i-''in'-i'‘-iTttiit^f-^'faHf^-''‘^~'-‘'°-''‘^ 







current meters at critical locations, 
particularly useful for deep currents. 


These are 


a sea. A moat Intense effort between now and 1989 is required. 


Critical Region Monitoring 

the h'’® regions can help to define not only 

sluoai^r T also the magnitude of the broad, 

hLl divided th mid-ocean regions of the ocean. We 

ave divided the critical regions into three categories: overflows 
western boundary currents, and interbasin exchanges. 

Farocrsco^enr^°'^e?^ overflows, we include the Denmark Straits- 
tMiL in ih» » **=lantlc deep water from its formation 

^ Ji Norwegian Sea into the North Atlantic and the Medlter- 

Nwth Gibraltar into the subtropical 

Atlantic. Monitoring these overflows should yield powerful 

Atlantic" intermediate level circulatiorin the North 

oa^anta, both upper level and deep, should be 
Mnitored for five years during WOCE. We envision this as an inter- 

Tnd western boundary current transport 

salinity characteristics should be defin^ in 

KurLhtrfi through Florida Straits, the 

Austeaila ind Aastralian Current off 

Australia and New Zealand, the Brazil Current off Brazil or Argentina 

mentrwunii«“"i'®"‘ Madagascar. These measure- 

constrain the upper water circulation in each ocean 

eastSard^^fLr^irif recommend that the large 
eastward Gulf stream flow south of New England also be monitored as a 

constraint on the North Atlantic circulation. Deep western 

detefmri''“‘'^r*' «« probably the only effective means of 

magnitude of the deep water circulations. It is 
important that the North Atlantic deep water flow against 

thinr?harsMM® ”°*'*'*’ America be measured. We also 

wL^f^^ of^\ ® measure the north- 

^ndl;,n ^ Antarctic bottom water in the South Atlantic, Pacific, and 
ndian oceans. This combination of upper water and deep western 

measurements is also necessary for good estimates of 
neat and freshwater transports in each basin. 

as exchange, we identify the critical region 

as Drake Passage where the Antarctic Circumpolar Current is most 

p! n® !!c^ . M of the transport through Drake 

entirf »®riability should provide strong constraints on the 

set^of circulation. We would also like to have defined a 

set of measurements to determine the cross-equatorial flow between the 

intimldate?’bv‘’^h®°“^®; Atlantic, and Indian oceans, but we are 
intimidated by the zonal scale of the equatorial zones and a fear that 
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«« -oconunend, 

^ ® primary reoions of critical flow 

monii-ft^i”^" these regions# we envision a five-year 


aUAOnS 


neld experLent ca^ T^V^ll 

TherfarrtTO^aLr^'’'^'^ nieasurementa as an international program, 
pportunity for collaboration between oceanographers around the world. 
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SUNDRY 
7 August 


MCKDRY 
8 August 
9:00 a.m. 


10:15 a.m. 
12:15 p.m. 
1:15 p,m. 


3:15 p.m. 


Workshop on G l o b ed Observations and 
understanding of the General Circulation of the Ooea 

National Academy of Sciences 
W3ods Hole Stu^ Center 

August 8-12, 1983 

Stewing Oonnittee Meets 10:00-14:00 at Academy 
16:30 Acadsiy Parly 


Introduction and logistics of Meeting (c. WUnsch, M.H. KatsourosJ 
Discussion of agenda and Purpose of tfeeting 

Oonc^ts ^rld Ocean Circulation Programs (F. wasster. 
Moderator) (c. Wunsch, J. McWilliams, F. Bretherton) 

Coffee 

Lunch 

Oo^ Circulation Programs (Continued) 

(J. Baker, Moderator) (W. Broecker) 

Discussion 

Coffee 


3:30 p.m. Overview of Background Technical Papers 

1* Ocean Gbservations 

Drifters (surface/subsurfaoe) (R. Davis, P. Niiler) 

4:30 p.m. Adjourn 


TUESDAY 
9 August 
8:30 a.m. 


10:00 a.m. 
10:30 a.nu 


overview of Background itechnioal Papers (j. McWilliams, Moderator 

le Ocean Cbservations (Continued) 

Hy<3rograply - W. Nowiin and J. Reid 
Chemical Tracers - R. Vfeiss and W. Broecker 

Tide Guages and Altimeters) - C. Whnsch 
Developing Technologies - R. HeiimiuW 

Coffee 

Overview of Background Technical P^jers (Continued) 

2. Air-Sea Transfer and the Forcing Functions 

Wind Field-Satellite - P. Bretherton and R. Stewart 
One Wind Field-Conventional - W. Large 
Thenno^mamic Ooi^ling - P. Niiler ai^ W. Large 
Seasonal Cycle - j. Wbods 
Developing Technologies - R. Heiimiller 




. . - . . 
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12:00 NOGN 
1:00 p.m. 


3:00 p.m. 
3:30 p.m. 

4:00 p.m. 

6:00 p.m. 

WEEHESDAY 
10 August 
8:30 a.m. 

10:15 a.m. 
10:30 a.m. 


12:00 NOGN 
1:00 p.m. 
3:15 p.m. 
3:30 p.m. 
5:00 p.m. 


Lunch 

Overview of Background Technical Papers (C3ontinued) 

3. Modeling 

Large Scale Nunerical Modeling - D. Haidvogel and 
K. Bryan 

itesimilation Prdblans - N. Phillips 
Use Qianical ftacers - J. Samiento 

Coffee 

4. Theoretical Perspective - j. Pedlosl^, ^ al. 

5. Critical Regions - C. WUnsch 
Discussion 

Adjourn 

Clambake at Stut^ Center 

(C3\RR£A(S; HOUSE) 

Plenary 

Overview of Background Technical P^ers (Cbntimssd) 

Coffee 

Working Graap Session: 

Working Gco^p 1 - Water Masses and T hei r Exchange 
Co-Chairmen: w. Jenkins and J. Reid 

Working Grov?> 2 - AtnD^»heric-Ocean Exchange 
Oo-ChaiimHi: P. Niiler and W. Large 

Working Group 3 - Velocity Field 
Co-Chairmen: W. £>&ink and H. Bryden 

Working Grot^ Meet to nonsiAar Questions 

Lunch 

Working Grcnjp Session 

Coffee 

Plenary 

Adjourn 
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TOURSDMf 
U August 
8:30 a.m. 


10:30 a.m. 
10:45 a.m. 


12:00 NOON 
1:00 p.m. 
2:30 p.m. 
3:00 p.m. 

4:00 p.m. 

6:00 p.m. 

nODftY 
l2 August 
8:30 a.m. 


Plenary 

Report Oo-Qiairmen of Working Groups 
Ooffee 

Waking Groi^ Session 

Working Graap 1 - carriage House 
Working Groi^ 2 - Hocm 202 
Working Gccnjp 3 - Ztocm 204 

Lunch 

Working Groi^ Session Continues 

Coffee 

Plenary 

Discussion of WDC5 Major Goals and Progrannatic Elatents 
Adjourn 

Dinner Party at wunsch Bame 
Plenary 

Discussion of Wndcing Groi^ R^orts 

Adjournment of Workshop 

lunch 


12:00 NOON 


30 

national research council 

COMMISSION ON PHYSICAL SCIENCES, MATHEMATICS, AND RESOURCES 

2101 Constirunon Avenue kVish.ngton. D C 2041B 

BOARD ON OCEAN SCIENCE AND POUCY 

OPPICE LOCATION: 
lOSBfH HENRY BUILDING 
2:ST STREET AND 
PENNSYLVANIA AVENUE, N.W. 
(2P2) 334-2714 

LETTER OF INVITATION 


Dear 


science Ocean 

Sciences and Climate of the Nat1ona°^Reseirch*'r'^^ Atmospheric 

Shop on Global Observatlonc ahh iina^ Council will convene a Work- 

the Oceans, to be held August 8-12^ 1983"‘^a?^hl ‘^^''eelatlon of 

I cordially Invite you to part1c1patrin'^th?r’^'\ £" Boards, 

workshop are: (1) ^o detemln^whe^her wriavrt'Jf''T:, J’’® the 

data on a global scale that could orofounriiv rh ability to obtain ocean 
circulation; (2) to Identify theVlmarv and « ^^^^^^''standlng of the 

conduct a global ocean circulation experiment^ 

able, to determine what the U.S role in curb* ^ ability Is achlev- 

(4) to outline the steps necesLry to aLure\hrt 

conducted. ^ ° assure that an appropriate program 1s 

''whn^pIpe^s" aSdrls^•ng^echn1ca“^«'’®'■^' “i" prepare 

me wind measurement ir^aram r^M ^ ^^!"'^'’ " of a satel- 

of the data. Thise Ja e^f^^il^pT d| Ts 

pants and will be distributed orlor tn%L ^ ““•'''shop partlcl- 

be organized In working groups^ Ind workinaTnnn°^ i'P'''‘Shop participants will 
with plenary sessions. The ronrln^^L ^ ® sessions will alternate 
will be considered In a plln"y leslion on thf <^he workshop 

In accordance with NAS procedures iinnn subsistence costs 

will be forwarded to you. Please'send the enr?nc®5^“''‘^®* ^“'"^her details 

possible to Mary Hope Katsouro! Sen?or Sta?J nfff 

Science and Policy. senior Staff Officer, Board on Ocean 


or_Mary'^ Hope Katsouros' (202/^4-2714)^^ workshop, please call me (617/253-5937) 
1 look forward to your favorable reply. 

Sincerely, 


Carl Wunsch, Chairman 

End osure 
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nyTRODUCTION 

A coablned knowledge of the distributions of the concentrations of the 
nutrient species O2, NO3. PO.,, rc02 and alkalinity and of the distributions 
of the rates of respiration (for soft tissue) and of dissolution (for CaCOa 
and opal) would provide very powerful conetralnt-i on the patterns and rates 
of nixing In the sea* These constraints will be especially inyiortant for 
those waters which will not receive substantial Inputs of anthropogenic 
tracers over the next few decades. We already have excellent information 
regarding the distribution of these nutrient properties in the sea. Given 
the geographic location, the depth, the potential temperature and the 
salinity of a water sanple the nutrient constituent concentrations could be 
Interpolated from existing data sets with an accur«:y about as good as that 
obtained by routine nutrient measurement programs*. What Is now needed Is 
a program dedicated to napping the respiration anl dissolution funtlons. 

The combination of flux measured using sediment traps and benthic chambers 
offers a means to do this. 

MfRlENT-ORGANlSM IHTERACTIOMS 

The distributions of O2, KO3, PO**, 2002^ alkalinity and Et^StOn within 
the sea are determined by the Interaction between the mvenent of water 
through the sea and by the formation and destruction of the soft and hard 
tissues of organisms. For O2, NO3 and POi* the differences are entirely the 
result of the photosynthesis-respiration cycle. Soft tissues are created 
by plants in the surface water of the sea and consumed by animals mA bac- 
teria living at all depths In the sea and on the sea floor. The photosyn- 
thesis-respiration cycle leeds to a steady state depletion In NO3 and POi* 


*Exceptlons would be high latitude surface waters and a fav pl^es In the 
deep sea. 
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In the sea's surface waters and a corresponding enrlchaent at depth. O2 la 
near saturation In surface waters and Is depleted In deep waters. The dis- 
tribution of IL,S10it Is related entirely to Its utilization by dlatoas aid 
radlolarlans to fora their opaline tests coupled with Inorganic dissolution 
of these tests within the sea and on the sea floor. Host of the opal foraed 
In surface waters Is returned to solution in the deep waters. The alkalin- 
ity of seawater Is altered In two ways, by the formation and dissolution of 
CaCOj and by the utilization and regeneration of HNO3 as part of the photo- 
synthesis-respiration cycle. The rC02 content of seawater la altered by 
the formation atd destruction of both CaCOj and soft tissue. It Is also 
being gradually Increased as anthropogenic CO2 Invades the sea. These In- 
teractloEis are sumarlaad In table le 
DERIVED PROPERTIES 

In order to understand how the distributions of these constituents of 
sea salt relate to the cycles of soft tissue, C0CO3, and opal, it Is neces- 
aary to convert the aeaaured concentrations to derived properties. 

1) The concentrations of ECO2 and alkalinity mist be nornalliied to a 
constant salinity OS.OO^/oo). This nomtallcatlon Is laportant for these 
two properties because their concentration ranges In the sea are saall co»- 
pared to their aean values. Thus, salinity differences account for a sig- 
nificant part of their variability In the sea. 

2) The contribution of nitrate to alkainlty Is removed as follows: 

ALrC « aLK** + (NO3-I6) 

where ALRH Is the salinity normalized alkalinity. TI variations In this 
nitrate-corrected md aallnity-nomallzed alkalinity {l.e. ALR^) should 
then be entirely the result of CaCOa formation and dissolution. 

3) The contribution of CaOOa formation and dissolution Is removed 
from the £002 distribution as follows: 

ECO* - ECOJ - (ALR^-ALK^^°) 

2 
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Table 1 , Property-organini interaction aumury 



Soft tissue 

CaC03 

Opal 

02 

Yes 

No 

No 

NO3 

Yes 

Mo 

No 

PQ * 

Yes 

Ho 

No 

ICO2 

Yes 

Yes 

No 

Aik 

Yea * 

Yea 

No 

HtSiOi * 

No 

No 

Yes 


*Via HNO3 uptake and release . 


Table 2 . Derived property definitions . 

AOU - oi*‘ - of*®- 

AUC' - A««>* (iM). (Hopbs . 16 , . 

- SCO *‘^- 25 | l ^+ ~ ^ 3 > 8 > . jggN ^ ( ALK *^- 2318 ) 

Pof - PCS’" - AOU - PO?'’* - ^ 

icoa “ - icoj - * ou - ico 5 -^ 





.'■Ki 


f*iiii>ii'iiir~‘-^*-~*fV- ■ - -- 'I-'- 'll - 


:1 


I 

■t 

I 


:5 

a 
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where aLrC Is m defined above. ALrSTD „ arbitrarily chosen refer- 
ence value (i.e-, 2318 pe,/ltg) ««] rcOj" Is the salinity nonnallzed ICOj 
concentration. It oust be kept in .rind that IC02* Includes the anthropo- 
genic effects as well as the photosynthesis-respiration effects. 

4) 02 Is converted to AOU (apparent oxygen utilization) by subtract- 

ing the observed O 2 concentration from the saturation value (at the poten- 
tial temperature of the water). This procedure removes the temperature 

dependence of the O 2 content and focuses attention on the amount consumed 
during respiration. 

In this format w- have Indicators of photosynthesis-respiration (AOU), 
of opal formation-dissolution (H^SiOO and of calcium carbonate formation- 
dissolution (ALK^), 

The deflnltlonc are summarized In table 2. Although the distributions 
of NO 3 , PO 4 and ZCO 2 * are all controlled by the photosynthesis-respira- 
tion cycle, they are not redundant to AOU or to one another. This lack of 
redundancy stems from the different surface boundary conditions for the 
four properties. AOU Is near zero everywhere at the sea surface. The 
concentrations of NO 3 aik* PO 4 are near zero in all opt»n ocean surface 
waters warmer than 16*C (except along the equator of the Pacific Ocean 
vhere strong upwelllng occurs). Both properties have non-zero v.aues In 
surface waters colder than 16*C. The distribution of nirrate In these 
waters Is shown In Figure 1. Indeed deep waters colder than 16®C all show 
finite preformed (I.e. Initial) concentrations of NO 3 and P0^. These 
preformed values are obtained by multiplying the mean O 2 utilization to P 0 ^ 
and HO 3 generation ratios for marine organic residues by the observed AOU 
value and subtracting this quantity from the observed PO*, and NO 3 values 
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(see table 2), The SC 02 * values are non-zero throughout the sea. As 
shown in Figure 2 , surface waters wartaer than 16*C show a narrow range 
CCO 2 * concentration (standard deviation about 1.5Z). 

As shown In Figure 3, the distributions of nitrate and silicate In 
surface waters are similar (l.e^, warm waters are free of both while the 
cold Antarctic surface waters are rich In both). Zt should be noted , how- 
ever, that the high nitrate values extend to lower latitudes than do the 
high silicate values. As we shall see, the deviations from this base value 
for cold surface waters are closely correlated with the NOa and POwconcen- 
tratlons. It must be eiig>h 88 lzed that this correlation Is not to be expect- 
ed as CO 2 can be transported through the atmosphere from one region of the 
sea surface to another while NO 3 and PO 4 cannot. Also, ZCO 2 * contains a 
significant anthropogenic con^onent while NO 3 and POi, do not. 

DISTRIBUTION PATTERNS FOR AOU. HhSlOu. AND ALKALINITY 

Profiles of AOU, ALK^, and H 4 SIO 4 are shown for five stations In the 
ocean In Figures 4 through 8 . Also shown In these flvures are the distri- 
butions of preformed phosphate, l.e. PO 4 *, with depth. The latter property 
allows deep waters of Antarctic (high PO 4 *) and of northern Atlantic (low 
PO 4 *) to be distinguished. Haps showing the trends of AOU anl H 4 SIO 4 at 4 
km depth are shown In Figure 9. Sections of AOU and H 4 SIO 4 are compared In 
Figures 10, 11, and 12. As shown Is that the maximum R 4 SIO 4 concentration 
Is found at greater depths than the maximum AOU concentration. This dif- 
ference must be related to shallower mean depth for respiration than for 
opal dissolution. For deep ocean sites this could be taken to indicate 
that organic matter residues are largely eaten as they fall through the 
water colusn while opal line tests largely fall to the bottom before 
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dtMolvlng. On the ether hand. It may reflect e large dlfferenr.e in the 
ratio of aoft ti.aue re.idue production to opal production between alte. 

underlain by the abyaaal ocean «ai ,lte» underlain by the ahallow narglns 
of the oceea# 

The plot of phoaphate va. «)U In Figure 13 denonatratea how the dif- 
ference between the aurf.ee water pattern for theae two properties c«. be 
uaed aa a water »a, tracer. Shown In thla diagram are the imijor deep 
water type. In today', oce«,. A. c«. be aeen for a given deep water type 
the point, Une up along line, with a alope of approximately 175 to 1. 

Thla ratio 1, the aame a. that obtained from chemical variations along lao- 
pycnala In the aea (both In the thermocllne and deep aea). If indeed 
further atudlea show that these eotalled Redfleld ratio, are alnllar from 
area to area and depth to depth In the aea then they can be uaed to yield 
preformed P0„ values for deep water,. A. can be aeen In Figure 13. all the 
deep water type, Ue between the trend, for those water, thought by oce«^ 
ographera to be the two major deep water aourcea (l.e. Weddell Sea bottom 
water In the Antarctic. Norwegian and Labrmior Sea deep watera In the 
northern Atlantic). If the altuatlon 1, ,o aimple then the relative con- 
tribution, of the two aourcea to any given deep water can be read from this 
dlagm* 

A. auggeatml above, the dlatrlbutlona of BO 3 . FO^. and rcOjC m the 
aea are highly correlated. Ihl, la ahown In Figure, 14 .„d 15. The slopes 
of theae trend. «:e eonalatent with the ao-called Redfleld ratios derived 
from <mal 7 .es along laopycnAl horizons (aee Table 3 for summary). It 
ahould be kept In Ind that the I002*-P04 relationship ha. baen Influ- 
enced by the Invasion of .ithropogenlc OOj. The possible lap«!t of this 




........ ..... 


P 04 (^iTfiol/kg) 





•AO. 

t 

APO. 


NSW+ DSW+ GF2W 


AOU (^mol/kg) 


WSBW Weddell Sea Bott.om Water 

^BW Antarctic Bottom Water (South Atlantic) 

IBW Indian Ocean Bottom Water 

PBW Pacific Ocean Bottom Water 

EBBW Atlantic Ocean Eastern Basin Bottom Water 

NADW North Atlantic Deep Water 

LSW Labrador Seas Deep Water 

DSW Denmark Straits Overflow Water 

KSW Norwegian Sea Deep Water 




FIG. 13 


PERCENT 






if? 


60 

Table 3. Bedfield ratio estimates based on the analysis of chemical 

gradients along isopycnal horizons in the sea (Broecker et al, 
in press) 



P 

N 

C 


ATLANTIC (themu>cline) 

1 

17.8 

130 

177 

INDIAN (thermocline) 

1 

14.5 

131 

170 

INDIAN (deep) 

1 

13.8 

125 

164 

PACIFIC (deep) 

1 

14.5 

131 

170 


Table 4. Equilibrium anthropogenic COg contents of surface waters. 



ATM 

**CQ2 

10“® ATM 

ATM 

*^C02 
10"® ATM 

Excess ICOg 
Um/kg 

25*C 2*C 

Preanthropogenic 

265* 

0 

0 

0 

CEOSECS 1972-1973 

328 

63 

53 

35 

TTO North Atlantic 1981 

340 

75 

63 
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*Sased on Bern ice core smasurements. 
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invasion la su«.arl*«l In Table 4 . since the anthropogenic Inpact on Ion 
ro^ naters will on the average have been larger chan that on high PO^ 
waters, the slope aa>2*/P04) sust at the tine of the GEOSECS and TTO 
surveys have been snaller than when the ocean was pristine (see Figure 16 ). 
unfortunately we currently have no -eans to reliably separate the anthropo- 
genic and natural contributions to the ocean's ICO2 distribution. 

While the correlations between HO3 a«I P04 and between ECO2* and P04 
ere generally quite good they are not perfect. Waters originating in the 
northern Atlantic have higher E002* and NO3 values for any given PO4 con- 
tent than do those originsting In the southern ocean. Both offsets Ukely 
owe their origin to transport through the air from one region of the ocean 
to the ocher. This Is easily understood for OO2 which surely flows from 
regions of the surface ocean with higher pco^ values to regions with low- 
er PC02 values. For nitrogen this transport Is via Ng which Is being 
converted to SO3 by organlsns Uvlng mainly In surface waters produced 
from NO3 by bacteria living In anaerobic sediments m the anaerobic 
waters found In the thermocllnes of the eastern Pacific northwestern 
Indian Oceans. The Imbalance In the net for these two processes (produc- 
tion of NO3 Is likely greater than destruction in the Atlantic and destruc- 
tion Is likely higher than production In the Indian aal Pacific Oceans) Is 
likely counteracted by a flow of Ng out of the Pacific and Indian Oceans 
through the atmosphere Into the Atlantic. Because the differences In 
•urface waters necessary to negotiate the required transport lie well with- 
in the uncertainty of P„^ measurements there Is as yet no way to directly 
assess rate at which this process operates. 

In light of the extensive survey of the nutrient distributed with In 
fhe ocean «, part of the CEOSECS program, the question arises as to what 
wore needs to be done. In aqr estimation, the most Important thing to be 
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done le to carry out program aimed at determining the rates of respira- 
tion. of calcium carbonate dissolution, and of opal dissolution. However, 
before discussing this aspect of nutrient geochemistry let me complete the 

discussion of water column distribution stuiles by saying what should be 
done to tidy up our knowledge» 

As can be seen from the map of the GEOSECS stations (Figure 17 ) the 

greatest gaps in our coverage lie in the northeastern and southeastern 

Pacific ocean. The TTO Program has improved the coverage in the north and 

equatorial Atlantic a proposal is pending to carry out a similar de- 

tailmi survey in the south Atlantic. Thus, with the exceptions mentioned 

-bove. to the extent that the nutrient properties of the ocean are at 

steady state, the data from the TTO and GEOSECS Programs provide excellent 
global coverage. 

What should WOCE do? My suggestion is that WOCE on its 6-s tracks 
designed to determine the density sections emphasise accurate 0^ and HqSlOs 
measurements. These properties show the highest sensitivity (l.e. signal 
to measurement error ratio). HOCE should also support the continuation of 
TTO expeditions, on which highly accurate measurements of all six of the 
nutrient properties are made (i.e.. O2. HsSiOs. POs. NO3. lOOz and ALE). 

One of the objectives of the TTO program is to obtain evidence which 
will allow the excess ICO3 of «>thropogenlc origin to be determined. To do 
this requires data of the highest possible precision and accuracy. If. as 
•ome biologists have suggested the life cycles in the sea have been per- 
turbed. then deviations from steady state for O2. NO3 a»l PO4 may also be 
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found. If these «-e to be spotted, data of the highest possible «curacy 
and precision oust be achieved. As these studies will In all likelihood 
not be conpatlble with W)CE density section progrsn they will have to be 
carried out on dedicated TTO type expeditions. 

RESPIRATION AND DISSOLUTION FITOCTIONS 

To date the distributions of nutrient constituents In the ocean have 
been Interpreted mainly In a qualitative manner. If these Interpretations 
are to be quantified we need to learn far more than we now know about the 


distribution of the rates of respiration. CaCOj dissolution an,' opal dis- 
solution as a function of location In the water column ami location on the 
sea floor. We have a few facts which allow some bromi generalizations. 

1) The substances of Interest are recycled In the sea many times. 

The ratio residence time In the sea to ocean ventilation time Is about 100 
for PO,. 10 or more for NO 3 . about 180 for and about 1000 for Ca. Be- 

cause of this the distributions of these constituents do not depend on 
their points of entry to or removal from the sea. Rather. It deperds en- 
tirely on the interaction between the patterns of water movement mi pat- 
terns of production and degradation of the biogenic components of Interest. 

2) Over 99* of the organic matter generated In the sea Is recycled. 
Over 95* of the opal generated In the sea Is recycled. Over 95* of the 
CaC 03 generated above areas of the sea floor lying beneath the lysocllne Is 
recycled. Because of this the rain rates of these substances as measured 
In sediment traps provides a measure of the combined rate at which they 
are destroyed In the water column and sediment beneath the trap. For areas 
where the sea floor projects above the lysocllne. the calclte accumulation 
rate as measured by radiocarbon dating of the sediments must be subtracted 


from the rain rate aeasured in the traps. 
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3) The opal concent of urine aedlments shows large variations. It 
Is large under areas of upwelllng and quite low elsewhere (see Figure 18). 
This distribution alnnst certainly reflects Inhomogeneltles In the produc- 
tion rate of opal with geographic location, (l.e., production Is high In 
areas of upwelllng). Because the sea Is everywhere strongly undersaturated 
with respect to opal, where the the opal content of sedlunts Is high the 
dissolution rate will also be high. Thus, fron the distribution of opal 
contents in recent narlne sedlaents we get a first order picture of the 
pattern of a,S 104 regeneration l.e., the map in figure 18 can be taken as 
a first order Indication as to the pattern of Hi,Si 04 Input Into the deep 
sea. 

4) Froa radiocarbon dating of deep sea sediments collected above the 
lysocllne we get the Idea that the rain rate of calclte must be reasonably 
uniform over the open ocean. The pattern of calclte content in open ocean 
sediments has to do mainly with the elevation of the sea floor with respect 
to the lysocllne. Sediments well below the lysocllne have lost virtually 
all their calclte to dissolution. Those from near the lysocllne have lost 
part of their calclte to dissolution. Those from above the lysocllne have 
lost only a little of their calclte to dissolution. Thus the sediment- 
water interface component of CaCOs dissolution Is confined largely to the 
abyssal ocean. How nich comes from dissolution In the water column (due 
perhaps to Ingestion by organisms Is not known). The map In figure 18 
shows the boundary between CaCOa rich and CaCOa poor sediments. From this 
map and our knowledge of the rates of CaCOa accumulation above the lyso- 
cllne a rough estimate of the Input resulting from sea floor dissolution of 
Ca 0 r >3 can be made. 
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5 ) The coc.8ensus aoong Marine biologists Is that the rate of soft 
tissue production 1. considerably higher In eress of upuelling end in 
coastal envlronnents than In the open ocean (see figure 19 ). if there 
■ust be a gradient In the respiration rate away froa basin Margins. The 
shallow bottom depths In these areas Insure that this extra respiration 
will be confined to shallow to Intemedlate depths (l.e., to the therao- 
ciine rather than the deep sea). To what extent respiration along the mar- 
gins contributes to the strong Oj Minima seen In the thermocllne of the 
basin Interior has yet to be deteralnedo 

6) Prom the excesses In ALrC and H..S104 and the deficiencies In Oj 
In deep waters we know that the total ««,unt8 of opal, CaCO, . and organic 
tissue (as measured In Mole, of SI, C. mx! Ca respectively) falling to the 
deep sea mist be similar In magnitude. The radiocarbon based rate of deep 
sea ventilation tells us that the mean flux for each oust be about 0.4 
■nles/n* yr. These averages help us to put the fluxes measured at specific 
places on the sea floor Into coattnct* 

WhUe these generalizations allow a T«alltatlve picture of the rates 
of respiration, CSCO3 dissolution and opal dissolution to be constructed 
they do not provide the quantitative Input functions needed If we are to 
take advantage of the Information carried by the water column nutrient dis- 
tributions. A prime objective of WCE should therefore be to Improve our 
knowledge of these Input functional 

We have two relatively new tools which can be used to this end; the 
aedlaent trap and the benthic flux chamber. While both techniques are 
still being Improved and verified, projecting to the start of WOCE both 
should be ready for routine use. 
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The ,edl»ent trep eppro^h Involve. «asurlng the »»o„t of 0 ^: 03 . 
opal. ..d .oft tissue c««ht over . period of tl« (usually one year). The 
prohlens ulth the technlgue are tuo: „ organic naterlal 1 . eaten vhlle In 

the trap ««l/or organlsns Invallng the trap for food are killed con- 
tribute to the catch; 2 ) horizontal currents lea. to over or undertrapplng. 
Efforts are In progress to -Inlnlze both of these difficulties. 

The benthic flu* ch«.ber Is a hel»t plac«. over the sedl»ent-vater 
interface for a fl*ed period of tl« (several days). Respiration s«. dls- 
aolutlon on the Interface and within the sedloent beneath the heloet raise 
Its » 03 , POu. HuSlOu alkalinity Us lower 0 ^ concentration. Rey 

Weiss at SIO has recently cc-pleted the construction and testing of such a 
device. It is now rely for use In the deep sea. Ren Smith has an 
operational system for O 2 utilisation measurements. 

As stated above, by subtr«:tlng the accumulation rate of the constitu- 
ents Of interest In sediments beneath a sediment trap from rain rates meas- 
ured in the trap «, estimate can be made of the rate at which each constit- 
uent 1 . being released to the water column beneath the trap. If m ..dl- 
tlon the flu* fro. the bottom is measured using a benthic chamber, then an 
estimate c«. be >«.e «. to how «ch of this Input occurs at the sediment- 
water Interface «ai how -«h occurs In the wster column Itself. By deploy- 
ing string, of sHment tr.p, (about 1 per 800 «ters) a.*, a benthic cha.^ 
her at a series of stations along b«,ln wide traverses we should be able to 
greatly Increase our knowledge of the respiration and dissolution func- 
tions. To make order of magnitude Increase In our knowledge of these 
functions, about 300 such stations would have to be occupied (l.e.. - 300 
trap mooring deployments ««, 300 benthic ch«.ber deployment, would have to 
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be made). Each Boorlng would have to remain in place for one year. If 
this work were done over a 10 year period, 30 eeparate mooring systems 
would be required. Three Weiss type benthic chamber systems would be 
needed (about one deployment per month could be made with each system). 
Also several Ken Smith type systems would be needed for more detailed 
Studies along the margins of the seso 
RECOMMENDATIONS 

1) WOCE should sponsor a global flux program designed to produce 

distribution functions for the rate of respiration, CaCOa dissolu- 
tion and opal dissolution. 

2) WOCE should encourage the funding of programs like TTO designed to 
carry out highly precise ECOz, alkalinity. O2. NO3, PO4 and 
H^S104 measurements with ocean wide coverage once each 15 years. 

3) WOCE should measure O2 and H^SlOi, on its routine 6-S tracks. 

4) These measurements cannot be made with the needed accuracy without 
the aid of s first rate group of analysts such os that created by 
Arnold Balnbrldge and Bob Williams at Scrlpps. The existence of 
the existing group is currently threatened by funding probletas and 
political problems. As WOCE will require such a group It should 
seek to preserve this existing group. 

These recoanaendations are summarized in table 5. 






Table 5* Sunnary of Recotmnendatlons Regarding Nutrient Studies 


to be Sponsored by HDCE 









































CLIMATE MODELS RELATED TO STREAM 3: OUTSTANDING TECHNICAL PROBLEMS 


Kirk Bryan 


Geophysical Fluid Dynamics Laboratory/NOAA 
Princeton University 


Princeton, New Jersey 08540 


I'T’- 




77 

1. Introduction 

Models must be able to simulate climate variability on time scales from a 
few years duration to over a century to be suitable for the objectives of the 
World Climate Program Stream 3. Special models of the ocean and pack Ice are 
also needed to process the large volumes of data received from new satellite 
observations and special surface platforms launched as part of MOCE. Several 
outstanding reviews have recently appeared. Models related to the C02/cl1mate 
question are treated In a U.S. National Academy Report (N.R.C.,1982). A 
recent workshop has made an excellent report on the present status of sea Ice 
modelling (WCP #26,1982). Ocean models are discussed In N.R.C.(1980) and the 
Tokyo Study Conference Report (World Climate Program, 1982b), and some 
excellent recommendations are made for future development. Since the broader 
aspects of modelling related to the Stream 3 objective have been adequately 
covered In these reports, It seems unnecessary to repeat this material. It Is 
perhaps more appropriate from the standpoint of the JSC/WGNE to go beyond 
these summaries and examine a few outstanding technical problems of the 
advanced climate models In more detail. Since various branches of climate 
modelling require scientists trained In different disciplines. Information on 
numerical methods may not be widely shared. In particular, workers In ocean 
and pack Ice modelling may not be aware of all the numerical methods explored 
by the much larger comnunlty of atmospheric modellers. The goal of this 
report to stimulate a greater cross fertilization of Ideas. 
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2. Atmospheric Models 

The most advanced atmospheric models available for Stream 3 are the 
atmospheric general circulation models ^hlch are not unlike the numerical fore- 
casting models no. being used at major forecasting centers. Thus, these models 
are not really different from those to be used In Streams 1 Ind 2. The special 

problems unique to Stream 3 arise In connection .1th coupling these models to 
models of the ocean and cryosphere. 
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3. Ocean Models 
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It has been recognized since the inception of the MCRP that models of the 
ocean are presently a weak link in understanding the entire climate system. 

Many of the field programs of the WCRP are designed to provide the global data 
sets which will set the stage for a vast improvement of ocean models. 

Clearly the high priority that the Tokyo Report attaches to ocean models is 
well justified. 

To fix ideas, let us set down the governing equations of an ocean model. 

Let u represent the horiiontal velocity, and V the horizontal gradient opera- 
tor. The equations of motion with the Boussinesq assumption, and the continuity 
equation may be written: 


-f- f k 


lA. 

+ = f 

0) 

• 


9 

H- 5^ p ~ O 

(2) 

^ ■ 

u. 

+• 

u/ - ^ 

(3) 


Here f is the Coriolis parameter, pis the density and F represents an unspe- 
cified closure approximation for smaller scale, unresolved motions. The 
''so-called'' metric terms involving the relative angular velocity about the 
Earth's axis of rotation of the currents is Included In atroospherVc models, 
but can safely be neglected in ocean models. 

The equation of state for sea water is a complicated expression involving 
temperature, pressure and salinity. 
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^ = G (p, s) 

It is convenient to use potential ten^>erature as a predicted variable, rather 
than temperature itself to allow for the effects of compression. The predic- 
tive equations for temperature and salinity may be written, * 



Here Q and 6 represent the closure approximations representing the effects of 
mixing by unresolved motions. 

Time scales of the thermohaline circulation 

The Earth's climate on the time scales of Stream 3 depends on the exchange 
of heat with the main thermocline of the ocean at all latitudes. Thus the 
processes which determine the steady state structure of the upper ocean must 
be taken into account. This is in contrast to ocean models used in connection 
with Stream 2 objectives which are only concerned with ocean heat content 
changes in the upper one to two hundred meters of the oceans, principally in 
the tropics. Models in which the density structure is specified a priori , such as 
quasi-geostrophic models, are useful for studying the response of the ocean to 
wind stress patterns, l)ut are not easily adapted to the objectives of Stream 
3. We require models which predi'^ the thermocline structure and ocean 
heat balance. Equilibrium solutions from such models may then be perturbed by 
changing boundary conditions to study longer time scales of climate variability. 
The global data sets for geochemical tracers collected by the U.S. GEOSECS 
program and cooperating expeditions provide a very valuable means of vali- 








81 

dating water mass formation in the tnodeU. 

Let us compare the problem of finding climatic equilibrium in ocean models 
with that of finding climatic equilibrium in atmospheric models. 
State-of-the-art atmospheric general circulation models resolve ^synoptic scale 
motions, and contain fairly detailed models of radiation and the hydrologic 
cycle. Such a model will reach climatic equilibrium in 6 to 12 months of 
integration with respect to time. The heat capacity of the atmosphere is less 
than 1/1000 that of the ocean, while the heating anomalies driving the two 
systems to equilibrium are essentially the same. Thus complete equilibration 
of the ocean, including the deep ocean, will require from 500 to 1000 years. 
Radioactive tracers pro. de independent confirmation of these time scales. 

Is it feasible for ocean models to be numerically integrated to equilibrium 
in a method directly analogous to that used for atmospheric general cir- 
culation models? To gauge the effort required to make a numerical integra- 
tion over the equivalent of 500 to 1000 years we can examine the wave and 
current velocities shown in Table 1. A dispersion diagram for the ocean from 
Hasselmann (1982) is shown in Fig, 1. 


lype 


Atmosphere 


Ocean 


Gravity Wave 

External 30 q 

1st Mode 100 

Currents 

150 

Interior 


200 

3 


1.5 


0.2 


Table 1: Velocities which may limit the time step of a numerical integration 
in an atmospheric or ocean model in units of m/s. 

Table 1 shows that there is no real difference between the equivalent 
depth of external modes in the atmosphere and the ocean. If external gravity 
waves are fully resolved the limitations on time step would be the same in 
both models. When the external mode is filtered out of the ocean model, the 
situation is somewhat better. The time step for ocean models can be 30 times 
longer than that of the atmosphere, but even this advantage does not compen- 
sate for the very great difference of 1000 in the natural time scales. How is 
this difficulty in marching ocean models to equilibrium to be overcome? One 
approach is to perform variability experiments using solutions which are not 
in climatic equilibrium with respect to the deep ocean. This is acceptable if 






it can be demonstrated that the non-e,ui librium "drift" is not large enough to 

affect the variability experiments. In general, this is difficult to do and 

may throw in doubt the whole credibility of the model experiment. Clearly 

there is a very important technical problem to be overcome fo^ the Stream 3 

objectives. A great deal of model development remains to be done. Two 

approaches that have been proposed to make ocean models more efficient are 
outlined below. 

Ih e World Ocean as a mosaic of hi g hly filtered mnrf.i. 

Hasselmann (1982) has recently proposed a coupling of highly filtered 
models for different regions of the ocean. One sector would handle the slow 
Physics of the ocean interior. Another sector would take care of the faster 
flows in western boundary currents. A special model is also needed for the 
equatorial region. Figure 1 from Hasselmann's paper shows that gravity waves 
and external Rossby waves tend to be in a range of frequencies and wave num- 
bers outside of the region of climate interest. To eliminate these waves, all 
time dependence is filtered out of the external mode, and velocity in the 
internal mode is constrained to be geostrophic. Only ultra long, nondisper- 
sive Rossby waves are possible in this system. The slow physics time step is 
limited only by the interior velocities of the order of 0.1 or 0.2 m/s. Thus 
the time step of the interior sector can be of the order of 1000 times longer 
than in most atmospheric models, enough to roughly compensate for the vast 
difference in natural time scales. 

The method has been partially tested (Maier-Reimer et al. 1982). Starting 
with the observed temperature and salinity structure as an initial condition. 
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an ocean model Is successfully Integrated over a fifty year period with a 
horizontal resolution of S*x5* of latitude and longitude and 5 layers in the 
vertical. There are some distortions in the model thermoeline. but these seem 
to be associated with the first order finite differencing used rather than the 
essential concept of coupling different regions. * 

Distorted physics approach 

Another method has been used for studies of coupled ocean-atmosphere 
models (Bryan. Manabe, and Pacanowski. 1975; Bryan and Lewis. 1979). The 
basic model consists of the primitive equation, with external gravity waves 
filtered out. and external Rossby waves treated implicitly. Local time deriva- 
tives of internal mode velocity components are multiplied by an arbitrary fac- 
tor, o. If this factor is unity, then the full phsyics for the internal mode 
is retained. If this factor is made larger than one, the physics of the model 
is distorted to allow a much more rapid time-marching to equilibrium. Once 

equilibrium is obtained the parameter can be reset to unity for variability 
studies. 

To Illustrate the effect on waves of this procedure, consider a linearized 
form of the model given by (l)-<5). For a horizontally uniform depth and 

stratification It Is possible to express variables in a set of vertical inodes 

(Moore and Philander, 1977), 

M 

The governing equations for each mode reduce to a simple set of shallow water 
equations. 
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^ 7 • C^H = ^ *®* 

^ * 

The undistorted case Is equivalent to a^h At midlatitudes there Is a large 
gap between the frequency of internal gravity waves and the frequency of 
internal Rossby waves. Thus the beta effect can be neglected In a dispersion 
relation for internal inertial-gravity waves. From Bryan and Lewis (1979) we 
have. 

^ X f> [ L (kx - out)J (9) 

and 

Rossby waves can be 'calculated using a quasi -geostrophic formula, 

CO = - ( 7 ^ 1 - 1 ^) „„ 

^is the gradient of f with respect to latitude. In Fig. 2 the effects of the 
distorted physics can be seen for both gravity and Rossby waves. Plots are 
made for an alpha factor of 20. Note that there Is a shift toward lower 
frequency and in the case of Rossby waves towards lower horizontal wave numbers. 
The distorted physics approach works In the same manner for equatorially 
trapped modes, slowing down the Kelvin mode wave speed by a factor of l/(a)V7. 





If the free waves are slowed down by the distorted physics shown in Fig. 

2, the only limitation on the time step is due to advection by ocean currents. 
In most cases, surface currents are much faster than deep currents- Bryan and 
Lewis (1979) show how the upper ocean and the lower ocean can be treated 
separately, and coupled together. In effect, Bryan and Lewis (1979) achieve 
the same type of economy by separating slow and fast physics in the vertical, 
as Maier-Reimer et a1. (1982) do by separating slow and fast physics in the 
horizontal plane. In a COg/Climate study Bryan et al. (1982) achieve a speed 
up factor of 25 for the deep water relative to the surface water. This is 
very similar to the speed up factor achieved by Maier-Reimer et al. (1982). 

It is possible that still further economies can be achieved by combining ele- 
ments from both methods. 

Pack ice models 

The WMO/CAS meeting of experts on sea Ice (WCP-26, 1982a) noted that 
existing data sets and new data sets to be collected in the coming year could 
form the basic of substantial Improvement in ice models in the near future. A 
controversial aspect of pack ice models Is the level of detail needed in the 
ice dynamics. Hibler (1979) has shown that synoptic scale wind events are 
coupled to the formation of open leads. This effect can cause a substantial 
augmentation in the growth of Ice. On this basis it can be argued that a cli- 
mate model which resolves Individual synoptic events in the atmosphere should 
also Include the corresponding level of detail in a model of pack ice. This 
view is certainly reasonable. If the main focus of an Investigation is climate 
variability in the polar regions. 
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Including Ice dynamics poses special numerical difficulties. Hibler 
(1979) gives the equation of motion for pack ice. 


^ lA +kvi|tfxu + ^i, (12) 

di ^ ^ J 

- + ^u/ i- "Sj Cl j 

here m is the mass per unit area of the ice. Vh is the tilt of the ocean 
surface, and * »»<l w are the stresses exerted by the atmosphere and ocean 
on the Ice. ,j is the Internal stress tensor of the Ice. where 

j = C^Lj J Pj (13) 

The stress tensor is a complicated function of the strain rate, and the 
ice strength f, where P In turn depends on the ice thickness. Hibler-s (1979) 
model allows for a small rislstance to deformation for diverging Ice. and a 
large resistance for converging Ice. The particular details of the stress 
tensor formulation need not concern us, only the fact that It Is highly 
variable In space in time. In effect a realistic ice dynamics rheology 
implies something analogous to a viscosity which can range from nearly aero to 
very high values. Hibler (1979) employs an implicit method for Including the 
Internal Ice stress, which avoids the necessity for taking short time steps In 
regions of high effective viscosity. On the other hand, the Implicit 
equations are complex, and finding an efficient way to solve them on a modern 
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vector computer is not eesy. Considerable attention should be devoted to 

finding improved methods for solving the numerical problems posed by the 
rheology of sea ice models. 
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4. Discussion 

The variability of atmospheric climate models has been studied by numeri- 
cally integrating the general circulation models to a steady state„ and then 
perturbing the external boundary conditions. The time-dependent response is 
then analyzed in detail. The same approach for ocean models must be modified 
because of the extrenaly long, natural time scales involved, nearly three 
order of magnitude greater than those of the atmosphere. Alternative methods 
for achieving equilibrium solutions have been proposed by Hasselmann (1982) 
and Bryan and Lewis (1979). Essentially these methods isolate the "fast" and 
"slow" physics of ocean circulation. In some cases the "fast" physics is 
filtered out, or artificially slowed down. In other cases regions of "fast" 
physics such as western boundary currents are numerically integrated separa- 
tely from interior regions of "slow" physics. During the iterative process 
the two regions are coupled asynoptlcally. In the same way the "fast physics" 
of the upper ocean may be separated from the "slow physics" of the deep ocean. 
The result may delete or seriously distort natural time-dependent variability. 
This is not of any concern, however, since the main goal is to accelerate con- 
vergence to a balanced equilibrium. Specific methods tested are only a small 
subset of the many possible approaches which remain to be explored. 


\ 
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World Climate Program^ 1982b: large-scale Oceanographic Experiments in the 
-Horld Climate Research Programme . Report of the Tokyo Study Conference^ 
TokyOo 10-21 May„ 1982. 


Figure Captions 

Fig. 1. Dispersion curves for a herliontally homogeneous ocean. Radius of 

deformation of the first barocllnic mode 1s50 km (from Hasselmann. 
1982). 

Fig. 2. Dispersion curves corresponding to (10) and (11). showing the stand- 
ard case (solid line) and distorted physics corresponding to a -20 
(dashed line). 
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A GENERIC HEAT FLUX EXPERIMENT 


From one vaitage point the ocean circulation may be thought of as 
simply the ocean's way of satisfying the constraints imposed by sources 
and sinks of fresh water, heat and vortlclty at the surface. Almost all 
the measurements that might be envisioned for WOCE will be useful for trans- 
port estimates. The question is; how representative will transport estimates 
based on altimeter data and hydrographic datataken at single points in 
time be of the long term mean? 

The CAr.E experiment was originally thought of as a joint ocean- 
atmosphere field experiment'. The heat balance of an entire basin would be 
measured using several different appro«hes. Almost implicit In the original 
concept was the idea that atmospheric measurements would serve as a check 
on more uncertain oceanographic measurements. When the CAGE Feasibility 

Panel cast some doubt on this idea, CAGE was deemphaslzed as a stand alone 
experiment. 

The observational studies of Bryden and Hall (1Q80) ans Roemmlch(1981) 

suggest field measurements which could she some light on the time variability 

of the meridional overturning in the Atlantic. Their work also shows that 

a program monitoring the overturning would effectively monitor the heat 

clrcXes 

transport across latitude^ The geostrophic component of the overturning 
could be measured by instruments at the eastern and western ends of a section, 
plus some measurements along the mid-Atlantic Mdge. Time-intensive 

measurements for a least one section seems like a rather obvious pilot 
experiment for WOCE. 


K. Bryan NAS/WOCE/8/83 
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Driftess in tli« Sfcndy of Oetnnio Ooneral Cicenlatioa 
A Poaition Paper by R.E. Davit 


1 * 

Ikit sot* U ifitHdtd to toMMtii* ti. OBthot't p,r.p„tl». on Ming 

ont«nt-foil)win| dtUtott to do.ctibo bo.ia «.l. fo.tnr.t of th. g.n.r.l 
oitcuUtion. It i. ptcdicotod on tho beliof. (1) tint ob.orv.tion. of den.ity, 
obe»ic.l tr.c.r., .nd ...-level .ill not. by tben.elv.., ,d.,».tely define the 
l.rge „.l, fi„ fi.,0. (2) thet thi. flo, field .ill not be edequetely 
predicted fton «odel. .ithout direct ob.erv.tion, end (3) thet direct ob.erve- 
tion. of l.ter.l di.per.ive proce.ee. (eddy .tirring) ere required. Thu. 
direct velocity ob.erv.tion. .re needed .nd the qne.tiou cou.idercd i. .hich 

of the.e need, c.n be net n.ing .urf.ce end .ubeurfece current-folloving 
drifters. 

Comp.red to other direct current »e..ure»eut technique., importent .dv.n- 
t.ge. Of drifter, ere. (1) they intrin.ic.lly int.gr.te velocity end thus c.n 
be efficient de.criptor. of l.rge-.c.le lo.-fr.,uency current.; (2) they c.n 
be econonic.l b.c.u.e d.ploynent i. ,i.pler then eetting deep oce.n nooring., 
recovery i. not required, end lif.tine. c.n be long; (3) drifter, provide 
rel.tively direct ....ur. of l.ter.l di.per.ive tr.n.port procee.e.. Potenti.l 
di.edv.nt.ge. .re; (1) drifter, ere no. perfect current follower.; (2) further 
technictl developeieut 1. required to echieve the potenti.l of low co.t; (3) 
becuee drifter lupling .rr.y. c.nnot be pre.cribed i priori .nd .re depen- 
dent on the flow being aee.ured, c.reful ently.i. of the d.t. i. required. 

1* Ulfil Pgiltara 

In order to diaeota the technical advantaiea and liaitatioas of enzrent- 
following driftera, it ia isportant to outline the two principal ways drifter 
observation sight bs need. 
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There ere aot Saier&ea ead Licrengiaa veloeiey fields bnt reiher peeado- 
Eulerien and psendo-Latraagiaa aethoda of aaapliag velocity which produce 
obiervationf of velocity along different *. t paths. For the purpose of 
Measuring the large-scale loag-tiae average velocity field which we call the 
general cireulatioa« a large auaber of velocity observations within a particu- 
Isr region, and spanning considerable tdae, are re«inir#d to form an accurate 
space-tine average. To do this one could as well sample for long tines sl 
several locations or along nany psendo-Ugrangian tracks. The requirenents on 
any such sampling strategy are that the observations bo representative, in the 
sense that their average is the space-tine average desired, and that the cost 
of obtaining enough samples to approximate this average not be prohibitive. 

Ail observations are subject to some error and thus are not strictly 
representative; argimenta are presented below to the point thit drifters, par- 
ticularly subsurface drifters, are subject to relatively smaU bias errors. 
Thus Eulerian mesas can be detezmined from drifters if enough observations are 
taken to filler out geophysical variability. The sampling requirements depend 
on the scales of the mean field, the eddy variebility, and the precision 
sought. Because variability in the ocean is generally larger than the mean, 
the most stringent sampling requirement it that for measuring the mean rather 
than the properties of tha variability, such as Beynolds stresses or disper- 
sion. 

In addition to the space-time average flow, a satisfactory picture of the 
general circulation includes a deacription off eddy transport proceaaet. Eddy 
fluxes, determined from averages off fluctuation products, is one deacription. 

A second is obtained from the statistics of dispersing material particles. The 
latter is more useful because it can be used to deduce the flux of any passive 
quantity, whereas the flux of one quantity doei permit determination of the 
flux off another. Daefnl property transport descriptions, such as one- and 
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t*o-p,rticle littr.l dif£o.ivitl.., cm be ceent.t.ly dctcaiud 
•VM tbouib they do not eueUy folio* water pareele. 


£« Brroyi 

Surfeee drifter* eoabln* * eerfee* booyeot fleet *ith * dr*t psodecini 
*l*-*»t eet .eeerelly et . depth of lee* the, 300 .. Thl. per.it. ...y tr.ch- 
i-d. .. fro. the AOGOS ..tellit. eyet... Bet the ..rf.c. bcoy i. .ct.d .poo 
by .iod, ..rf.ee erreou, .od rectified ..rf.ce „rioo. .11 of which ect 
to prod.ee .lipp.,c Wiod ..t i. r...oo.bly well Md.r.tood, but the error, 
iotroduced by w.ve .otioo .ctio. io coocert with c.rr.ot .beer between the 
.nrf.ee m. the dro.ne level ere diffic.lt ,0 deter-ine ehort of e.ten.ive 
field te.tin.. In co.vention.1 de.i.ne it i. herd to ...r.ntee th.t in.t.n- 
t.neo.e error, will be le.e then 5 The error-prod.cin. forcln. fMC- 

tion. (Wind, errent .beer, end w.ve.) ere not trnly rendo. .0 bi.. error, of 
I to 3 c/.e. ...t b. ,.p„,„.. 

.e.le. Of . few d.y., .Upp.,, „„„ 

fosivities oi the order — tah 2 tentiel u t a 

•or3ta&tial. bat an order of msaitode 

or -ore le.e then obeerved. Sin, c the forcin, fMction. .re coherent eye- 

ti.lly, . Meii.r error of two-perticle diffn.ivitie. 1. e.p.cted. Slippe.e 

error, .re in.ignif ic.nt in detor-lning Enlerien eddy eutietic. 

s.b..rf.ce drifter, .re Mt .object to .ny ei.nific.nt in.tr»ent.l 

error.. B.t b.«... ...b drifter. ..int.in .. .....tieiiy depth .nd 

do not follow v.rtic.1 fl.id -otion. they .Mpl. m m ...enti.lly E„i„Un 

-.nner with re.p.ct to v.rtic.I -otion while being effectively perfect fol- 
lowers of horisoatei ■otioa. 

With re.pect to ob.erving L.gr.ngi.n .ver.g... e.ch .. hori.ont.l perti- 
el. diepereion, oon.tMt depth b«y. .re i-perf.ct. The .p.ri«. diff.eivity 
...oci.ted With werticl w.t.r Mtio. m .ny p.rtic.l.r ... 1 . i. .ppro.i-.tely 
where <•> 1 . .. ‘ i. the v.rtic.I ehe.r of hori.ont.l 
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vtlocity on tiiat ftoalo. is tk* ▼orticsl displscossnt. snd is tbs Lsgssn- 
giso intsgrsl lias sesls of borUoatsl yslocity eoapoasnts of tbst scsls. Tbs 
sssoeistsd coatsibntion to tbs borisontsl diffasivity is <St|^>T, , so tbst 
sslstivs 9ssos% S7S sasli ss tbs sqosrs of displsesasat orss vsstiesl scale, 
ffbils prseirs sstiastss srs diffienlt., tbs diffnsivity s?ror sssoeistsd with 
iatsff&sl wsvss is probably betwssn 1% and 10% of tbs vavs-iadnesd diffmsivity* 
a very saall fraetion of tbs tots! latsral diffusavity. In aost regions, 
aeso-seale variability baa an svsn greater aspect ratio, so tnat spurious 
dispersion caused by Beso*-scale vsrtieal velocity is not significant eaeept in 
regions of strong currents vbere density surfaces are strongly tilted and eddy 
energy large. The aost aeriwus problea appears to be tbst spurious internal 
vave dispersion, vitb its abort eoberenee length* aay assk genuine two* 
particle dispersion for aaall separations. 

Because internal wave velocity is divergent in the borisontal plane, wave 
Botion produces bias errors in estiaating tbe space*tiae average velocity froia 
drifters. The average buoy velocity will not equal tbe Eulerian spsce*tiae 
average if wave notion canses drifters to spend aore tiae in one phase of tbe 
wave than in another. Neither will the float follow the true Ugrangian mean 
velocity because it does not respond to that part of Stokes Drift aaaocisted 
with vertical notion. If a drifter were placed at just the right depth in a 
single internal wave sMide having a stable propagation direction, velocity 
aaplitude 10 ca/sec, vertical scale 100 a, and displaceaent aaplitude 5 a, the 
largest error would be of tbe order 2 Hi/sec. Since internal wave energy is 
apparently isotropic and distributed over several vertical aodes, one espeets 
bias errors to be significantly less than 1 am/ sec. 

Any boeixontally divergent flow can cause a bias between drifter veloci- 
ties and tbe Eulerian spaee*tiae average flow. To the eatent that quasi* 
geostrophy pertains and tbe borisontal velocity field at scales larger than 
the internal waves scale is nondivergent« local concentration of drifters 
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■hoald oot be titAifieeat. Ftenkiy, I eaepect fthet thii »y be tbe «oit i«por- 
tant taaplini problea and that «hen drifter azperiaenta diaeleae aajor conver- 
pencea, they will be "explained** by theory. 

SniMIlirY * While driftera are aabject to arrora. the only aignlficant error 
in the context of lo«-freqaency eircnlation atndiea appears to be ■ bias of 
the aoan velocity of snrface drifterai thia say be of the order a few ca/aec. 
Before a ai|nificant study can be baaed on surface drifters, it ia neceaaary 
to reduce these bias errors, to quantify then, and to inaure they will be 
■sintained by increasing drogue lifetiaea. 

4 . Samipl i«g 

In the previous section a nnaber of bias errors were ezaained. A less 
obvious bias error of drifter observations coses fros the interdependence of 
the saepling array on both deploysent location and the velocity field itself. 
For oxsople. the average velocity obtained from buoys found south of their 
deployment location will be biased toward southward flow since the likelihood 
of finding buoys there is lessened in periods of northward flow. The migration 
of drifters placed into a field with sero Eulerisn mean velocity but variable 
eddy diffusiviiy is another example of thia kind of sampling bias. 

In the context of mapping, avoiding this type of bias requires thst 
drifter density be infficiently naifora that the number of buoys in a region 
is not dependent on the flow. Strictly, it is necessary thst the density 
(averaged over all periods from which observations are taken) be nnifoa over 
a region much larger than the distance a drifter travels ia the integral time 
aeale Tj^, This does not coquire massive eimaltaaeous deployments, but mesas 
that drifters must be deployed at many aitas bafore bias is eliminated. 

The question of how many driftars over how many years are required to 
describe the general cireulatioa in a region depends on the preeisloa end eps- 
tial resolution required and on the magnitude of eddy variability. Eddy 
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•B«rgy, siDilg pgrtiGie diGpcGiioa, and tinilar «aad»tic qoantitiea are rela- 
tively e.ey to eetiaate once the laaoeieted .een la known. A..n.iaf ipproai- 
■•teiy nom.l diatribntion. of eddy velocity and particle diaplecenent. aeaie- 
thing like 20 independent aanplea provide praci.iona of 30fc. Particle-pai, 
diaper.ion nay require nor. aanplea aince pair aeparation nay not be nornally 
diatributed. Mean velocity aatiaatea are aubjacr to a aanpling arror of the 
order 6U - where ia the ataadard deviation of eddy velocity and N 

ia the effective nunber of aanplea. Since preciaiona .uch leaa than o are 

B 

genertily required^ sanple tis«t than 20 will be required. 

The effective maber of aanplea depcnda on the length of the tine aerie, 
of ob.ervation and the integral tine acale Price (1983) finda to be 
near 8 day. at nid-depth over a con.id.rable range of eddy energie.. iichard- 
»on (1983) find, a value near 10 day. for aurface current.. Thu. 6 buoy-ycr. 
of data provide, approrinately 100 ob.ervation. and an uncertainty of 1« of 
Ettreaie value, of are 45 on/.ec for aurface currents ia the 6ulf Streaa 
•nd .) cB/.ec for .id-depth, .id-ocean regions. The uncertainty aa.ociated with 
these value, fro. £ buoy-year, of data provide, credible e.ti.ate. of aean 
velocity in tbe respective regions. 

Ihe nuBber of buoy-year, required to describe the general circulation of 
1 region depend, on the spatial re.olution required. This, like eddy energy, 
i» highly dependent on position within a basin. A resolution of 1000 k. .ight 
•uffice in .id-ocean while 100 k> wa. needed in strong boundary currents. To 
■up a tingle level of the North Pacific with 500 k. re.olution require, tome 
800 ettiaataa. Thu. 1200 buoy. -year, would be needed to achieve O.lo^ preci- 
ulon ia aach. Thia could be obtained fros 240 drifter, with lifsti.es of 5 
yeara. A aiailar global aap would require an effort six tiaea as large. 

SsmtXl- The aost stringent aaapling problra la posed by aapping ne.in 
velocity. Thia requires relatively unifor. di.tribution of average buoy den- 
aity ia apace over the region to be napped and a lar-.e nnaber of observation.. 
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£«»ethUg os th« otAtt 1000 AriUmtt with lUoti.#, o£ 5 ye«rt would provide « 
ttsetul flobtl B«p of Belli velocity at one Iwvel. 

£. Coat 

Even in Bodereti quaatitiii. the eoet of fielding a eonveatioaal 
aateUite-tracked earfaee drifter ezeeede 15.000, oae-thisd for the eatelUte 
link traamitter. Thia aaauBia BOdeat aaalyais eoata and miniBal deployaient 
coat through the uae of reaeareh veaaela of opportunity. Preaent traneaittera 
are capable of providing nore positioning acearacy ezeeeding that needed in 
large-scale circulation studies. Efforts are underway at NCAK, Goddard Space 
Flight Center, and perhaps elsewhere, to develop leas capable but nuch leas 
expensive transBitters. Under NASA sponsorship, efforts are underway to 
develop less costly buoys, with adequate survivability. If these developBonts 
are successful, it nay be possible to reduce coats by factors of two to oven 
five. 

Subsurface SOFAK-trseked floats Bight be produced in large nuBbers for 
♦lO.OOO each and have potential lifetines of 5 to 10 years. A aijor cost of 
using these floats is the Baintenance of a listening station network for 
trackingi three stations, each costing nearly $50,000 per year to Bsinteia, 
are required within sonething like 1000 ka of each drifter. This aekee SOFAk 
floats Bost cost-effective when used in epetielly dense arrays. Technicsl 
developaents ere underway at WUOl to reduce tracking costa through eiteilite 
relay of date end use of drifting listening stations. At UBI an "inverse" 
SOFAK float which listens to aoored sound sources is under developaent. This 

significantly rsdnee both aenofacturing and daployaent costs since low- 
frequency Bonad sourcet ere large and coatly in eoapariaon to racaivere. Also 
under developaent ere drifters which repetitively "pop-up" to the surface for 
eetellite locstion end then return to depth for enrrent'-follovingf this 
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prsclodes obsarvatioa of high ffftqaoacy phe&OKOHB bat cliaiattes the need to 
atistaia cottiy aeoaftie trackiag asraya. 

fiHM&iy. Preioat aaaaf acturiag aad trackiag axpenaea eaaaa tba eost o£ 
fiaidiag a drifter to range froai fSOOO to 120.000 per year, depending on buoy 
type, density of saapling array, and the otefal life aehieved. Developaents 

onderray promise to reduce this cost by factors of more than two but less than 
ten, 

6. and Susgestion^ 

Meso - scaie Variability 

From the general circulation perspective, aeso-scale variability is 
important through it effect on larger scales. In addition to understanding the 
operative aechanisas. quantitative descriptions of the processes and rates of 
ocean dispersion are needed, if only to make possible analysis of property 
distributions at depth. 

Drifters are well suited to description of lateral dispersion, first 
order descriptions have been obtained in some places, and additional prograas 
are underway. Ihe quality of observation is adequate but the number and geo- 
graphical coverage aust be dramatically increased. The limitation to this is 
aconomic and largely associated with the substantial cost of asintaining 
tracking networks. 

Improvements to tracking range, increased station longevity., data relay, 
use of drifting listening stations, and development of ** inverse** SOFAk floats 
•^ll have the potential of reducing the coat of subsurface drifter experiments. 
Similarly, cost reduction of tracking transaitters may make feasible rela- 
tively inexpensive short-lived surface drifters suitable for rogionel studies. 

Aside from daacriptioas of ooaan proceaaas and diaparaioa. aeso-scale sad 
regional drifter studies are providing observations of the general circula- 
tion. In the future it is important that advantage be taken of this by extend- 
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i»I th. mckin, of »oh dtift... to pjoyid. tbo »>.t offioi.at 

pi lag of tt9 gonocal eireBlaeion. 

Cjgcttlation 

ComptHd with doopor aotion, iioot .orf.cc eitoolttioa it elot.ly linked 
to wind foteing, iaclndet ta iaporttnt n|eottrophie cMponent, nod it tnbjeet 
to l.rge «>d v.ri.ble vettictl then*. Snrftee dtiften hnv. de.onttr.t.d 
utility in the qnilitetive deeotiption of ngiontl oirsoletion pettern., in 
qunntifying eddy v.ti.bility, end docnaentin* inter.nnnnl ehenge. of the ,en- 
erel eirculetion. By collettin, obteryntion. ftoa drlftewi net for ettentinlly 

region.l ttudiet, Eioh.rdton hi. derived . oeefni pietnre of North Atl.ntie 
turfoce cireulatio&e 

With aa incraaaed iatereat ia abort-fan sHaata variability, which ia 
the ocaaa ia preauably aoat avidaat ia aaar aarfaca flow, driftara will be 
very aseful ia deacribiag the atructura of iateraaaaal ehaaga. Whaa global 
wiad observatioaa become available auch atadiaa will ba more iatareatiag aad 
profitabloe Freaeat aarface drifter arrora probably do not prejudice auch atu- 
diear the primary technical problem ia coat aa it affaeta achievable obaarva- 
tioa deaaity. But if the data from auch atadiaa are to ba uaafal in eventually 

determining the apaca-time average flow, accuracy muat be aignif icantly 
improved. 

Circulation 

The deaeription of anbaarfaea general circulation available from direct 
obaarvatioo ia limited primarily baeauaa float and mooring obaarvationa are 
azpanaivei anbaurface driftera have biaa errora vaatly maallar than typical 
aampling arrora* 

Deterainntfon -f Ue wetk flow, uul diffweiwo trtneport to.pon.ible for 
the obeorwed distribntfon of oeonnle proportloe ie n oontrnl objective of 
ooennogrephy. JUiportont et.p. hove nlroodv b... 
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-ill folio,. n. P.O. i. ^ «ffi«,l»y. 

n«. effort . to „d.co Ut. ovorho.d for ,o.„tio tr.okio, .«d to dov.lop pop- 
up drifter, will, if ,ocee..f.l, j,,,. po.iUv, ^p,,*. 
before . eeriou. effort o.o «.de to deter.in. di,.oUy 
•aee level over tignificent regions. 

For the ti.e being. pri«ry effort .bould be pl.«*o m ooit-redoeing 

d.veloi«ont end e.ploit.tion of e.on.tic.llp tr.eked floet. in loe.li.od .tn- 
oies. 

Satellite Ai t ine t rv 

The effeetivene.. of nny f.t.re ..tellite eltineter e.peri.ent oonld be 
.iguificntly .ni.noed by nppropri.te drift.r obeervetione. lb, eltineter i. 
uueble to determine ne.n geo.tropbic cnrrent. bee.n.. «.e geoid i. i.p.rf.otly 
buo,«. Wbile the g.„id conld be dedno.o fro„ ,.ng t,,. direct cnrrent end den- 
.ity ob.erv.tion.. .ignif Ic.ntly fewer ob.erv.tion. .onld be re,nir,d to infer 
it fron i...t.nt.neone eltineter. cnrrent .no den.ity -e..nre.,nt.. Tie een- 
Pliug noi.e to be filtered ont ,onld be only tbet eri.ing fro» the different 

•P.ti.1 evereging of the component ey.ten.. not the entire eddy v.ri.bility .. 
When means are determined. 

Wonld .Itin.ter c.libr.tion be.t be done n.ing drogned .nrf.ce drifter, 
or , co«bln.tion of .nb.nrf.ce drifter, end bydrogr.phic .urvey.? Xhi. 
require, co-p.ri.on of . potenti.lly i.rge nunber of .nrf.ce drifter ob.erv.- 
tion. ,1th .ignific.nt bi.. error to . .nch «.,ll,r prob.ble nuber of .i«nl- 
t.neou. den.ity .nrvey. .nd .nb.nrf.ce drifter ob.erv.tion,. The eoacln.ion 
binge, criticlly on the bi.. .rror. of .nrf.ce drift.r. .nd th... .re not 
,.11 .nongh known. Accordingly, . high priority «.t be giv.n to rodnction of 
.nrf.ce drift.r bi.. error, .nd dccn.ent.tlon of .cenr.ci... Any .ItLeter 
..p.ri>ent plw .honld .ddr... the utility .nd .ethodology of neing direct 

current ob.erv.tion. to iaprove th. .lti..t.r. de.cription of ...n .nrf.ce 
geoBtrophic flow. 
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1. Introduction 

The following ie a brief suiraary of the current state of global 
ocean modeling, an assessment of the progress to be expected in the 
remainder of the decade, and a discussion of the role(s) which such 
models may play in future global-scale observational experiments (e,g.. 
WOCE). Realizing that we are only now at this Workshop beginning to 
explore the feasibility and to define the likely objectives of WOCE, we 
have attempted neither an elaborate nor a definitive statement. Rather, 
we have sought to introduce what we feel at this point to be the impor- 
tant concepts and modeling issues as related to a world ocean circula- 
tion experiment in the late 1980s. This' document is intended to serve, 
in part, as a focus for further discussion at the Workshop. 

The questions we seek to introduce and to address below aie the fol- 
lowing: First, what is the present status of basin- and global-scale 

oceanic general circulation models, and what can be expected in the 
immediate future (5-10 years)? Second, what is our present level of 
understanding of important oceanic processes, and how might this under- 
standing (or lack of it) influence our WOCE-related modeling? Third, 
what positive interaction may be anticipated between existing and pro- 
jected models and the WOCE observational program? 

In limiting ourselves to an oceanic, global-scale perspective, we 
have necessarily overlooked a wide variety of models and modeling acti- 
vities which will be important to future large-acale oceanographic 
measurement and interpretation. For example, regional models may be 


Y Ti''ii iV fl.’TiiJlil'ilWrttfiVriMifr'ii iiiin i i ’ 
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used to cxemine ocean response and dynaaics in physically and/or geogra 
phically unique regions (equatorial, southern ocesn, wid-ocaan). 
Process-oriented studies will likewise he needed to refine our under- 
standing of important oceanic processes, and their representation and 
parameterization within large-scale ocean models. Use, interactive 
atmosphere/ocean models (both coupled general circulation models, and 
structurally simpler idealizations) will be particularly useful in 
studies of water mass formation and attendant 6/S properties. 

2. Present and projected status of global models 

At present, two rather different modeling strategies are in rou- 
tine use for application to basin- and global-scale ocean circulation 
problems. Although both are capable of including such physical/ 
computational elements as bottom topography, wind forcing and compli- 
cated basin geometry, they nonetheless yield quite distinct pictures of 
the global circulation. 

The first are high-horiaontal-resolution (eddy-resolving) models of 
the mean and meaoscale componenta of the wind-driven ocean circulation 
within a single ocean basin. Typically quasi-geostrophic (QG), and 
having limited vertical resolution (in general -3 levels, although a 
few higher vertical resolution simulations have been done), these models 
have been inatnaental in exploring the origin and properties of the 
■aaoacale addy field, and the role of eddy-related fluxes of .ownt« 
and vorticity in determining the structure of the instantaneous and 
time-maan circulation. Howavar, thaae eddy-resolving gentral circula- 
tion ■odaia (EGCMa) lack the setiva tharwrdynanic procasaas associated 
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with water maaa formtion and meridional circulation. 

The aecond claaa of global ocean models suppresses eddy dynamics 
through the use of low horiaontal resolution, but includes thermodynamic 
effect. anJ related proceaaes (e.g., deep convection). Generally based 
on the primitive equation. (PE), these oceanic general circulation 
model. (OGCM.) are physically and numerically more complicated than the 
quasi-geostrophic eddy-re.olving models, and require heightened vertical 
resolution (5-15 levels being typical). However, with a coarser hori- 
tontal grid, the models may be extended to cover the world ocean. These 
coarse-resolution OGCMs have been applied to studies of thermocline for- 
mation and maintenance, chemical tracer modeling, and ocean/atmosphere 
coupling on decadal and climate time scales. 

In the future, we believe chat the primary advance in global-scale 
ocean circulation modeling will be associated with the construction and 
utilization of models which incorporate both active eddy and thermo - 
dynatnic processes, and thereby simultaneously include the wind-, eddy-, 
and thermally-driven components of the ocean circulation. Of particular 
interest will be the richness of behavior that arises in these new 
models, and the extent to which the resulting simulated flow may be 
understood by appeal to earlier EGCH and OGCM results. (I.e.’, are the 
eddy-induced and thermally-forced circulations additive in any simple 
sense?) 

Secondary inprovemencs in modeling technique can also be envisioned 
during the next half decade. Efficient new numerical methods (multi- 
grid, nested-grid, composite mesh) are now available which will offer 
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• ubst.nti.l iaprovraent i„ efficiency. perticnUrly for i«,del. within 
coraplic.ted geometriee. Improved repre.enr.tion. of. end permeeteri- 
e.tions for. proce.ee. each .. deep convection, .ubgrid-.c.le effects, 
end eir/se. coupling would el.o be desireble. Finelly. eltern.te physi- 

cal models (e.g., balanced models) will be ev.il.ble. and may in some 
circumstances be advantageous. 

The successful development, implementation and application of an 
eddy-resolving, thermodynamically ac'ive global ocean circulation model 
over the neat 5-10 years depends primarily on three factors; the avail- 
ability of a sufficient computational resource, the edequacy of manpower 
levels (both support snd scientific), and continued improvement in our 
understanding and parameteris.tion of certain critical ocean processes. 
The last of these is discussed in the next section. 

With respect to the new modeling being discussed here, the presently 
available human and computational resources are inadequate. Although 
the precise level of manpower necessary for the design and application 
of these models to WOCE-related problems is difficult to quantify, it 
certainly exceeds the presently evailable levels. In eddition, of the 
factors noted above, the identification and training of new ocean 
modelers and dynamicists is potentially the most serious concern, and 

»ay more chan any other factor dictate the rate of progress in these new 
tBodeling areas. 

Estimates of the required CPU resource can more easily be made. The 
table on the following page compares the operational paremeters and 
computational cost of several current/projeeted models. Although not 






Hodel 

Domain 

(km) 

4x/At 
( km/hi ) 

Leve 1 B 

Integration Required CPU 

time (yr) (hrs on CRAVM 


QG EGCH 

North Atlantic 

28/4 

3 

10 

5.5 

uomiGnc 8 

QG EGCN 

box 

(3600 X 2800) 

20/2 

8 

10 

10.5 


PE EGCH 

box 

(6000 X 4000) 

20/0.33 

3 

10 

96 

Layered model; 







no active 







thermodynamics 

PE OGCH 

world 

100/2 

5 

100 

500t 

No eddy 
dynamics 

PE EGCH 

box 

(4000 X 4000) 

28/0.5 

10 

100 

0(2000) 

1 

Storage become: 

PE EGCH 

North Atlantic 

28/0.5 

10 

100 

0(4000) 

t 

a potential 
problem here 

PE EGCH 

world 

28/0.5 

10 

100 

1 

0(20000) 


Sources : 

(1) Run-times for 

Hoi land 

models on 

NCAR CRAY-1 

system. 



(2) Ocean Hodela for Cllfnete Research; A Workshop (19B0) 
National Academy Press. * 


tThia figure can be substant ial ly reduced (factor of 
acceleration techniques to achieve steady-state. 


two or 8o) by the use of appropriate 
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in 


.pecific.lly quantified in this table, availability of faat-acceaa 

-emory alao place a aignifieant con.traint on the feaaibility of 
using these globsl-scsle models. 

The figure, quoted in the table are. of cour.e, approaiaate. Note 
aUo that anticipated increase, in computer .peed (perhaps by a factor 
of 5 for a cl... 7 machine) will reduce the number of CPU hours neces- 
sary for these .orts of model studies. Future enhancement of computer 
facilities and staff devoted to ocean circulation modeling is projected 
at several institutions (e.g., at NCAR, GFDL. NORDA and GUS; see also 
^ Assessment of Computational Resourc es Required for Ocean Cirr„l.M»- 
National Academy Press); if realised, these new 
resources should allow initial progress on these new model classes. 
Improved numerical methods may also yield a substantial savings. None- 
theless. the required resource is large. Whereas an eddy-resolving PE 
simulation of an individual ocean basin should be feasible within the 
1980s. an eddy-resolving world ocean calculation will not be possible 
(even if it were scientifically justifiable). 

3. A survey of processes 

Our ability to model the ocean circulation in a useful way is inti- 
mately connected with our understanding of operative oceanic processes, 
and our success in including these processes within global ocean 
models. As a strawman, for subsequent discussion and debate, we propose 
the following diagram. It attempts to list oceanic proeeaaea poten- 
tially important to the global ocean circulation, and to indicate which 








Letter Ignortnce 


Procett/Effect 


Coamentt 



eddy dyntraict only itudied exeensively in 

QG model; what happens in PE 
EGCM? 

equatorial dynamics 


atmospheric fluxes 
of momentum, heat; 
ocean^atmosphere 
feedbacks 

topography 


Lagrangian tracers 


ice dynamics 

conveetion/water 
mass formation 


what is best boundary value 
problem for OCCM? 


can be studied; but has 
received insufficient 
attention 

potentially important for 
interaction between WOCE and 
ocean circulation models 

important for WOCE? 

present popular parame- 
terisation is intuitively 
crude, but seems to work in 
a qualitative sense. Is it 
ok? 


turface/bottoffl bound- 
ary layer dynamics 

tubgrid-tcale Is their precise form 

effects important if we have 

resolved eddy processes 


Creater Ignorance 
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«e beccr under.tood ob.erv.tion.lly/theoreticlly. No eUi„ i, 

.. to which procei«. .re .o.t "iaporfot .Uhough thi. .ight 
represent e useful question for disput.tion at the Workshop. (H.B.: 

The list is neither fully conplete nor unprejudiced.) 

All these processes deserve further study. Several are. however, of 
particular significance to large-scale «deling. and oay warrant special 
attention. In this category, we would include eddy dynamics, ocean- 
phere feedbacks, topographic effects, and Lsgrangian tracer 
"Odeling. In addition, we note the important need for further examina- 
tion of alternate vertical representations, and the appropriate 
inclusion of isopycnal and diapycnal processes. 

A. What can models do for WOCE (and vice versa) 

The potential for interaction between the WOCE observational pro- 
gram and the types of models discussed above is substantial. For 
example: 


(a) Experimental design. Basin- and global-scale general circula- 
tion models represent a unique means to examine potential observational 
strategies and data inversion techniques, and to select the most appro- 
priate approaches given program objectives, and organisational and 
financial constraints. Models have been used in this way for advance 
planning in programs such as POLVMODE and PGCE. Experi«nt.l design 
atudies related to drifters/floats. tomography, altimetry, and 

satellite-derived wind, .re already underway at a nmsber of institutions 
[e.g.. Rissoli (MIT). Ri,„ {„ gf „,„h.ll (Oxford), and others]. 


(b) Forcing functions. Apart from purely diagnostic aodels (not 
discussed here)^ an ocean circulation model takes the form of an 
initial/boundary value problem for the current and density fields. In 
particular^ such a global model is driven from above by exchanges of 
momentum and heat with the atmosphere, or by exchange of mass/momentum/ 
heat across open boundaries (if a single ocean basin is being consi- 
dered). Of these forcing functions, several are available from existing 
and projected instrument systems: 


Forcing Function Sygeem 

sc'atterometer, drifters 
satellite, drifters 
altimeter, buoys 

XBT, CTD, tomography 
current meters, floats and drifters 

At present, we do not know with any certainty the amount of data which 
will be required for these models (i.e., what space/time sampling will 
be necessary). Of course, this will ultimately depend on overall 
program objectives. However, model simulations will be essential to 
deduce the implications of various alternative sampling schemes. 

(c) Data for validation. It is of course understood that our 
modela are approximate in many reapeets. It is important therefore to 
acquire data acta suitable for model eompariaon and validation. As 
often as not, aueh comparisons show where the modela may be weak and in 


surface winds 
SST 

height fie Id /pressure 

open boundaries 
density 
currents 
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need of ioprovesenc; however, this is es uiportsnt s result, though 
hardly as satisfying, as good agreesient between data and aodel. For 
validation purposes, we suggest the following a. being partieularly use- 
ful: aaps of the "mean" circulation (particularly the deep, potentially 
eddy-related, flow); global maps of eddy statistics (eddy kinetic 
energy, heat content, height field); maps of thermocline variability; 
and maps of the distribution of various Lagrangian tracers. The latter, 
in fact, may offer the most sensitive index of the general circulation, 

and may be much harder to model correctly than other quantities such as 
eddy KE. 

(d) Assimilation. Models may provide an important framework for 
examining the composite data set arising from a global-scale obser- 
vational experiment. Recent studies with oceanic as well as atmospheric 
circulation models have indicated the feasibility and advantage of pro- 
ducing optimal combinations of observed and simulated fields using 
appropriate assimilation techniques. Such a model/data composite, if 
successful, serves essentially to extend the data (i.e., "fill in the 
gaps"), thereby allowing a more direct and detailed statistical and 
dynamical interpretation of the data. Given the likely irregular and/or 
sparse nature of data sampling within any feasible global observational 
experiment, however, the ...imilation problem for the large-scale ocean 

circulation will be a difficult one. Nonetheless, success in this area 
ifi likely crucial to the succees of WOCE. 
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SHYSICM* OOABOGBAieiC IBSBSmaiEATlQN OR^fflSBHZS 
FOR A mmsj> OCSAH CIRCDUfflOR EXPBRlKBir 

By Robert HeiimiUer 


With oontribuUons and advice frcms 


Jim Hannon - Sippican 
Jim McWilliams - NCAR 
Peter Miiler - Scripps 
Tm Rossby - URi 
Tcm Sanford » AFL/UW 
Bob Walden - NBOZ 
I>oug Webb - HHOI 
Carl WUnsch » MIT 


Sd Brainard - aOBGO 
A1 Bradley “ WBOI 
Neil Brown - MBIS 
Bob Chase - WHOI 
John Dahlc^ - Draper 
Russ Davis - Scrippe 
Andy Santos - Horiz^ Marine 
Don Dorson •=> URi 
Bill targe - NQ» 


QRRQDPCnON 

is a time of great fennent in ocean engineering and instrunentaUon 

oceanogr^ has always been highly dependent upon, and 

inTl T reasons for this. First 

T I i ^ the acadmic sector for engineering development. Second is 

the lack of good fran«orks for such development, aird, the ooeanograpWc 

instrument nerket is usually too to justify private caamcrclal investment in 
new instrumentationo 

mere are now, however, in process a ranter of develeptent efforts, both in the 
academic labs and in the connercial sector, which hold the premise of a new 
generation of physical oceanographic instruments by the late 1980 's. 

TM^r ^sunes a famUiarity with the general run of oceanogra|*ic instruments 
t^y, meet Of Which have been in use for aome yea^^^ In . few cases, I 
m describe possible or planned iimprovenents to existing ^ystums. Bather than 
g^ing detailed specifications, I will concentrate on describing in s general way 

aevelopient, and what is additionally pcesihle within the 
technology should the scientific oonmnity express a need. Lastly, 
this paper does not deal with reoote sensing frcn satellites^ or with tracers^ ^ch 
are both oovered by other authorso 
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n«6 indicatea to purenthesee are points of ««tact, and do not neoessarllv 
include everyone associated with a particular developnental effort. 


Several general thruets will 
includei 


apparent fran a reading of this docunento 


They 


- Belanetry of data via satellites 

- 'aiarterV more flexihle, tostnwaitB 

- toss reliance on ships and at-sea personnel 
“ Bqwjdable Instrunaits and systass 

- More fully integrated data systans 


new instrunent ^stens are under dotroi nn - ■ . ^ ^nac 

~cial secj that Z ^Lnt^e institutions and to the 

torust Of <«^aptocr rdevl::;^ ^ is" 
Po^tole. grven sufficient ia*etus fran a p«tential user ca«n«ity and, of Lrae. 


**®**G1MI IMSTSUam 8ZSTBIS 

Various lagrangian instmnent ei^ans have been in use 
useful and proAictive carts been to use f or niany years, and are 

renertniro « ^ P^STBical oceanogrs**ic instruientation 

^toire. A new generation of lagrangian instrunentation is under developnant. 

SOFAR Floats (D. Webb, T. Rossly, A. Bradley) 

^ it: “ 
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n>e chief lUnitationB on the uee of aoPAR floats have been the need to be within 
acoustic range of the network of shoreHsased Kavy listeung stations, and 
potential operational problene hrving to do with access to the stations and 

LiZT .TT ^“Sely eliminated the use of hutcnaaous 

istenlng Stations (MS), and soon the KEUUIS system, described below. 

I JT’ of the data and detennlnaUon of the float imths. 

the data are not available during the course of the eaperiment, as they are 
shore^sed stations are used. With the advent of tel«mtry fr® subs^face 
moorings, this limitation could be ranovedo 

(r. Chase) 


REUBfS (Seal Time Link and tajuisiticn Yare System) drifting buoy systan is 
^ d^lopment at WBOI. syBtm will ooUect and transmit, initially via 
Argos, its own position, measuremarts from sensors on an UOO meter cable, 

and the time of arrival Information 

7e.T. ^ is eapected to be three 

e SCFAR float range of 2S00 km., an arr^ of hctsvib buoys should 

^ ^elcprmnt Includes the design of an integrated central data logger/processor 
^ imi interface on the one hand with the Argos telaaetry eyst® and L the 
^ ^Ith the subsurface cable, ihe cable will carry a suite of addressable 

::::sr:ij:Ss 


It U expected that nitable aoisors will beoose available in the neat .«ew years to 

the addition of ooniictlvity. In additi®, it should be possible, if 

^ ' to a« atmospheric sensors, such as humidity, atoosi*erlc pressure, air 
tes(crature, and wln^, air 






119 


Global Circulation Drifter (D« Ifebb ana lU Davie) 

tte 61ot»l aroilaUon Drifter, or GO), ie presently inder developnent. Urn concept 
is a neutrally buoyant device able repeatedly to asond to the surface, report 
positicn and ewironnastal information via sateUite, and .jiii:. to 

equilibrium depths 

OUis instniaent will allow eaqploratlon of very large spaUal ecalee and long time 
scales and is expected to occplenfint conventional techniques such as ncored current 
neters and acoustic floats^ which j^ovlde excellent time series data, but limited 
spatial and tanporal ooveragco Potoitial coverage ie global. 

Initial target performance specificatlojs Includes 

1) 10 years life# 40 asoent/descent cycles 

2) Operation to 2000 dB. 

3) ftKvancy energy provided bg chemical generation of gas (i.e., sea water and 
metal hydride) 

4) Oj board microprocessor able to record and manipulate environwntal 
obeervations 

5) Air deployment poesible 

6) (^ration via ARGOS sateUite syston 

7) Ccnmercial price target $6K each, quantities of SO 

Ihe major inadequacg^ of the technique is the infrequency of the position reporting 
due to the limited mmter of asoent/descents. h positi® every three months for ten 
years is an initial performance target, cn the other hand, the os may provide a 
very useful first insist into the movement of large and remote water masses. 

RhFOB (T. Rossby and Do Dorson) 

Rhras (som apeUed badcwards) is moving rapidly to the cperaUonal phase with a 
Gulf Stream esqmriment in the faU of 1983. 
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nie SftPOG buoys are anall, inejg^nsive packages which are ballastea for (^ration at 
a given depth, ae price for the first batch will t* of the order of #2500 each 
^ ^d CO* down with larger orders. While drifting they periodically record 

infonnation, such as temperature and pressure. Design lifetiae is one year At a 

abated data, aus, the oonplete telaeetered data is a record of the ^ of 
the float since launch with the environmental parameters along that path, 

T the end Of the 

L the and G® technology sh^^ 

ned. nMs would ocnbine the continuous path infomaUon of Rafcs wit* the 
multiple reporting ability of the GCDo 


Flux Drifter (W, large and J, McWillians) 


*velcp«r.t within the ERimss development progrmn. ais is 
“ integrated free drifting buoy syst« with telemetry of nanerous air-sea 
^teracti^ para:,^ers. buoy syst» „U1 modular. Present planets 

r;::: solafradiauc^ and 

wate ta.perature profUe. Wind stress may be measured recording «fcient 

acoustic noise. I^ecipitation may also be monitored ty this noans. A doppler 

current profUer may also be carriedo 

U ^d be n^ that the lagrangian behavior of the Flux buoy will be secondary 
other oonsideraticns, such as providing a suitable platform for the air-sea 
interaction sensorso 


Um Cost Drifter (Jo Dahlen) 

to, cost Drifter, or U». is to be an inexpensive, siapde. yet *phisticated 

^1 enough for cnenersen ApK^ment Um a ship^^rtunity or aircraft 

*»■<>-» 1. a. ®“ 


I 
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®^^***^ lagranglan drifter powible, with a 
attain the last few percent of tme lagri^aJtLL” •tt.pting to 

^at^' «* lilted to « aorface 

calibration! Similarly, Ihl "* “ 

to minimize wind effects. By ^i^ing that da^a^ I®* 1" the water as possible 
take place at random intervals as infreouent « *** transmission may 

possible to use an eatranely low profile antemil 

it will be awash most of th^ time «*Pectatlon that 


Pwer ooneuaptlcn way be kept lav by 

In a poeiUon to receive the elgnale. 
llfetijnee 


tranaalttlng only at tines ^ a satellite is 
n» design is aining at a several year 


location accuracy which is not as'hlgh 
general circulation studies, tte cost per buoJ 

"•eking possible larger scale deployments. ^ “ 3 ) “V te low as «2,000, 

Wave Zone Drifter (R. oevis) 

Wie HSve Zone Drifter is used for lagrangian stiidi« *.k-s 

regime, it uses a Hh»i iflv (m. «r ^ ^ surface 

•«*« t,. t.. 

triio iMutUig Qtta. «1 hM bMB U»a in uw. a hi^ fraqiway 
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nmoGBimc mimmaa B t emm 

Work ie underway in a nunber of plaoee toward a new generation of C3D syetanE, 
ciiaracterieed by "sDarter" electronice? internal recording, integrated checkout and 
data egstmB, and InteQcated water sancaing. Such eystcne will have accuracies and 
sensor resolutiws poaching existing C»“b. Biey will, however, be cheekier to 
purchase and cheaper to operate, bower operating costs will result from integrated 
data Bsrstens %diich will require fewer trained personnel at sea and ashore. 


Bie internal recording will lake it possible to operate fren ships without a 
oon&icting wire winch, tiius facilitating ship-^-oppjrtunity cruises and the use of 
ncn-ooeanographic vessels. 

Ihese instnnait padcages will have a data port on the side, through idiit* data will 
he downloaded, diagnostics run, nw saipling paraseters or measuresEnt sebese loaded 
if desired, and the batteries charged. shipboard st^jort unit would be a 

pre-programtied desktc^ oonputer »*lch would have capability for pre-processing and 
display of datfio 

A closely related developnent is that of a fast, free-fall profiling v^cleo ®jis 
v^cle, \Adch is under active develoiin^t, would carry a package such as a CID to a 
predetermined depth, returning to the surface et hi^ speed (up to 15 knots) » 

During the i^ard phase of the profile, the vehicle would locate the ship 
acoustically and "hone in" on an acoustic source trailed over the side, landing in a 
pickip device, such as a net, \tben reaching the surfaces Thus, the winch is 
diq^nsed with altogether. All that is needed is sene li^eight handling gear 
that wasy very well be portatae. Ihe vehicle would also include integrated water 
sanpling devioes. 

While the costs of a OD ^us prof Uing vehicle mi^ be more than the cost of a 
conventional CID today, if a profile to 5000 meters can be carried out in an hour or 
less, the extra oost of the equipnent can be reoovered in saved shlptine in one 
cruise at curreit daily ship costs. 


><d.vw^ 
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like those described above are well within the state of the art 
te^ically, Moreover, aU the elaeents described above are »der deve 
sane 4idditl«ai efforts will be needed for true integraUon. 


KXAB) XaSBOIIIW SXBTBHS 


Conventional moored sensore (lu Chase) 


TL Z . ^ developnent. Ihe inprovenents wUl be 

in^ .^red platfonns (with an eventual in^ct on the sensor 

accept in the u»st extrane regimes, successful mooring deploymaits of 18 months are 
te t^ Ihd^ factor in mooring duration for now. Many ncorlngs could probably 

T2 r 

for the data and the battery life of the release. However, microprocessor 


Telenet^ frcm. subsurface moorings is difficult because of the mechanical 
nerabUity of the link to the surface, and because of the possibility of the 

negating the reason for using subsurface moorings in the first place. However 
experr^ with sensor cables in programs like RELfifS (above) as well as the 

‘^““^tting boeys (j. Dahlen) could result in a capability 
for teloDetry fran subsurface mooringso ^ 


has not been pursued because of the 

^lability and cost of oona»ti„g mooring wires up to the surface float taain 
■Koaem cable technology or acoustic links hold the premise of solving this prj^! 


dnvelcpment of new sensor packages without recording 
capabili^, more moAilar, and designed for use on such n«n.-<ny. 


^ can thus envision a mooring systaa with a llfetlam of two years or more, and 
telemetry of all data. A significant porUon of the cost of a mooring goes into 


jm 
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teoweiys the acoustic or other anchor release, often sane form of backup recovery 
buoyancy, and recovery shlptlme. if «e consider eliminating these oosts, we may be 
approaching the concept of the expendable mooring. Bie sensors on such a iMorlng 
would be (Reaper, since they would not have to record, and any data pre-processing 
would take place in a central processor. He must, of course, add on the cost of the 
t^anetry and central logger. But with shiptlme and personnel costs dinting faster 
than electronics costs, the expendable mooring may be eocxtanically viable now or 


To this must be added the Intangible benefits of telanetryi no need to depend on 
recovery for data return,- and the ability to ccstlne high frequency end low 
frequency esqperisientee 


nie expendable mooring concept should be dosely exnlned. Che would have to 
estimate the oosts of changeover and startup, of course, ttere is a large stock of 

conventional instroaents presently ir. existence, it is unlikely that these could be 
converted in a cost effective vay. 


current Meter (C. Eriksen and J. nahlen) - ihe ProfUlng Current Meter 
(KK, ha^ moved to an operational phase, tte Pn operates for up to a year, 

cycling betwe^ the top of the mooring (,*ich mey be within, say, 20 meters of the 
surface) and to 250 meters depths 


^ measures currents with a set of dectrcsmgnetic sensors, and carries a cm. 
^iUonlng the mooring sc that the top comes out at a predetermined (very shallow) 
d^oan be diffiait. («» development of a -line trbuner' for later adjustment 
of the mooring line is feasible, but has not been funded.) 


PW (A. Bradl^ and W. Schmitz) - ihe Popup profiler is in the final stages of 
^elopment, and has passed at-sea operational tests, me popup is a botta«x«„ted 
installation that carries up to 50 expendable canisters, me canisters are released 
at timed Intervale and rise tamds the eurfacep emitting acoustic signals. OJie 
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bottofl installation includes an arr^ of hydrophones which track the canister to the 
surface (and for a time on the surface), thus producing and recording a ccnplete 
three dimensional path, and therefore a current profileo 

It is probably feasible to add n>ore canister pallets to the basic installation, thus 
increasing the sapling lifethae of the system, tte ceerall lifetime may be 
primarily limited Iq? the life of the aooustic release syetaiio 

Acoustic demography <c» wunsch. Wo Munk, and Ro spindel) 


ocean Acoustic Tomography ie a technique for measuring the field of sound-sieed 
fluctuations within a volune of ocean, m regions of ti^ T-S relaUons, or %diere 
the disturbances are associated mostly with vertical di^aoanents of the 
iscwcnsls, the sound-speed perturbation field may be capped into densi^ 
^rtotations. The technique was dmxnstrated in a 300 km 300 km experiment in 
1981. Comparison of the results with CTO surv^ indicated reasonable agreanent. 
Further tomographic ejqieriments are now in the planning stages. 


A tomographic array consists of several moorings, carrying acoustic sources and/or 
receivers. (The 1981 experiment operated at 224 Hx.) There are a of 

g^rs^hical paths between the various pairs of sources and receivers. For each of 
^ geographical paths, several acoustic paths will exist, each representing a 
^ferent average of the «vertical slice- along the geograpfacal path, and each 
having a different time of arrival at the receiver for a givai source pulse. 

^se s^ate arrivals (up to a dozen or so in the 1981 ejqerlment) can be resolved 
in the receiver record, and the arrival times for the whole array inverted to 
proAve the sound-speed perturbation field. 


Ohe acoustic pulses can be rqx»ted several times a day, producing a nearivnoptic 
anapBhot- of a large vol«i* of ocean. The horizontal and verUcal coverage and 
resoluUon of the technique ie affected by the water mass properties, overall 
^tial acalesp and arrangement and muter of aouroee and receiverBa Hie addition 
of recij^ocal acoustic signalling between pairs of moorings can add more information 
to an eiperiinent. 
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BrauBLB mBmmaoH 

m (Sippican Ocean Systems) 

BnprwaaentB to the existing ffiT egstm incluae the availability of digital 
recording i^etems from several manufacturers, ihe recorders provide a machine 
readable record of each trace, with higher resolutic* as well as a more convenient 
format than the paper chartB. Ihe machine readable format fanlH«-»»cf= both data 
processing and possible telanetry of 3BT datSo 


X® (To Sanford# Sijpican# and Horizon Narine) 


An ej^iendable probe for measuring current profiles is available. It uses an 
electreoagneUc probe to sense the conpnents of curr®t relative to the geomagnetic 
vector. TO avoid the effects of the ship's magnetic field, the probe is wired to a 
free floating buoy assembly and the data telemetered by rf to the ship. 5!we, this 
techni«jue can be used in an «0 version, for use from aircraft. 

ycso (Sippican) 


An XCH) is under develcpnent and should 
will be up to 2000 meterso Design goal 


available by late 1984 » Depth ability 
0e05 ppt in salinityo 


6HHBQARD SrSTEKS 

A lumber of ^sterns are in use for making measurements fron shijboard, such as 
aideraway continuous theimoealinogr^, and the Pegasus, White Horse, and Btvp 
(electraagnetic) profilers, in addiition, many of the other instnmmnt nyetems 
described above neoessarily involve shipboard equipmmit as part of the overall 
system. Generally, these oomponents can be made, like the in situ omcniente, 
■auarter" and more flexible throu^ the use of microprooeasors or mlcrocauMters. 
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A new technique under dcvelopnent (T, Sanford) involves ooUonal eiectrcnagnetic 
neasuranents from towed sensors. Surface electreeagnetic can be 

ooBbined with surface current neasuresients (from correlaUor sonar, GPS, or I£K« c) 
to yield the vertically anreraged or barotropic flow. Usis technique migift be used 
fron research vessels or frem shipe-of-cpportuni^. 

Tfelanetry fron shitfcoard may also become in some cases, a desirable feature, either 
for full data reporting or for quali^ control within a large scale mulU-ship 
operation. Similarly, it may be desirable to integrate a muter of shiiteard 
sensors and processors, such as navigation, shlpbome envirornental sensors, and in 


For both telaoetry and data integraUon, it is desirable to adc^ shiiteard data 
^stans protocols, such as the SAIL (Serial ASai Instranentatlon Loop) protocol 


ae reader will have noted that many, if not aU, of the instrunent systans 
described above specifiy sooe form of telemetry, usually through satellites, as 8 
integral part of their operation. Biere are several reasons for this treid. 


in a field where many experiments or observational series can run several years, and 
in which in situ Instruaents encounter maty environiwital hazards, it is 
less and less acceptable that instranents need to be pJtyBioally retrieved to recover 
the data, ihe drastic imprcrvement in mooring recovery rates in the early 1970 's 
resulted in a drastic Increase in the length of experimeits. Bius, although 
ultimately the scientist got more data back, he had to wait longer and longer to see 
it, and the price paid for a mooring failure was hi^r. 

tte increase in the price of shiptime and the associated technical personnel foe te 
has also caused many InvesUgators to consider the possibility of A-jgning systems 
which are not intended to be retrieved, thus requiring telanetry. 
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Lastly, the adv^t of large scale coordinated programs involving was^ ships, 
institutions, and countries has suggested a need in some cases for telonetry for 
coordination, planning and data quality control. 


Satellite telanetry and position location is noi^ relatively routine, whether from 
moored static»is, drifting buoys, or ships. Bystaos are available off“the-^helf 
conmercially. Use limitations fall into two categories; money and available 
telemetry channels. Money limitations, are, of course, always with us. 

Bus is not the place for a detailed discussion of the available telemetry channels 
or the future needs. I would note, hcwever, that a simple adding up of proposed 
telanetry activities in the latter half of the decade suggests that there will not 
be sufficient channel cecity to acocmoodate the needs of the canmmity, based on 
what is presenUy available and planned. (Indeed, 1990 we could have less 
capacity available to us than we have now, due to satellite faUures.) On the one 
hand is a possible shortfall in the overall capacity, on the other are limitatiois 
or constraints in the individual channels. 


•niere is ^roximately an eight year lead tine in planning and alloying a 
satellite. Thus, planning should be underway now for the Eyst€mB for the early 
1990's. Biis is taking place. Bcwever, in the context of prograns such as HOCE, 
it appears that the GCRiaunity'’s needs could easily outrun the plans. Lack of 
dedicated channels could force us to move to oooroercial systems, ^ich involves 
another set of engineering end funding problems. 

In the context of WCXE, an early estimate should be made of the range of overall 
telanetry rates which mic^it be desirable, frcm the "absolutely necessary* to the 
"be-nioe-if". I realize that this is difficult mie the scienUfic progron itself 
is still fluid. Hewever, the effort should go ahead as soon as feasible* This will 
neoesBarily involve estimating other needs outside WOd for a first order 
determination of whether the ci^city will be there. 
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QRRAffIGHM. CDKSIDBtATIQnS 

nie traid towards expendabllity wili greatly decrease the enount of ship time 
necessary for Base types of operations. < 0 r, of course, given an fixed anount of 
shiptlme, greatly increase the amount of data that can be taken.) Bie cost of 
expendables must be balanced against the reduced ship time, reduced personnel costs, 
reduced data reduction costs, or sane oentiination of these factors. 

tte increased availability of ■smarter' instrunent systems will reduce the naifcer of 
highly trained personnel at sea, and make shiE^f-oK»rtunity pperaUons easier. 

Biis means reduced costs for existing ooeanogr^c data-ooUecting operations, and 
increased cpportunities for operaUons in countries with less money and fewer 
trained technical personnel » 

■anarter' packages may aso make possible more flexible sanpling rates. Bie 
saipling cate might be adjusted automatically to take into account features or 
events in the data being coUected. m situ processing can reduce the amount of 
data storage or telanetry and reduce processing costs ashore. In general, many 

things that have formally been done in harifcare can now be done more flexibly and 
more cheaply in 8 oftware« 


Telanetry can change oceanographic data-coUecting in two ways. First, the 
scientist is no longer dependant upon the recovery of the instruments to get his 
data. Gear might be left at sea until it fails, with the data set being accumulated 
continuously. Secondly, the data storage exilities of existing instruments are 
the limiting factor in deploymait durations. In many oases, the sampling rates of 
the instruments are set for the lowest rate to get the desired duration. If data is 
being telanetered, the rates may be set at the maximun that the s«isor response will 
lustify and the telanetry channel allow. Thus, higher frequency experiments can 
"pi933^"back" on loifer fre^fu^Kiy cj^ie^iioentSa 

integrated data ^ans will redice the need for trained, speclallxed personnel for 
both operations and maintenance. This, In turn wUl allow the use of such systans 
by analler groups and scientists who do not have a sufficient pool of such personnel 
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to tap. Maior instrunent ^ene will be s«it back to the factory for routine 
fflaintenance between cruises. Having fmctions in software that are presently in 
hardrare will make dieckout and naintenanoe easier and quicker. 

Plans are underway for increased capability for air deployment for lagrangian 

^ans. in sane cases, aircraft be more cost effective than ships. Bsis nay 
be partioilarXy true in sooe oceanic regions » 




reporting or quality cent 
ioplooentedo Such svstan 


involve data trananiseion 
archivingo 


i, particularly where 
networks and handling 
on existing network 


is used for data 
may need to be 
it technology could 
indexing# and 


Ihere is at present no najor thrust to develi^. instriments to nake totally new kinds 
of measuraneits. Rather, the trend is to esqploit new foms of technology and new 
ideas to make the traditional neaeurenents more cheaply, more quickly, and more 
reliably. Shis will make it possible for oceanographers with less resources in 
money, specialised ships, and trained personnel to participate in obser’^itional 
prograns. In addition, traids toward aircraft and ship-of-<?portunity operaticns 
may also make sane types of work in sane regions more cost tffective. 

Many of these develcfinente are taking place alreaojy in various acadmnic institutions 
and in the camercial sector. To be available routinely for MDCE operations, 
however, many of the Instniaent ^ans wUl need to be avaUable oamErcially, in 
quantity, well-doconented, weil-supported, and at a reasonable price. 

Biere is a much greater awareness now than in the past of the need to move 
instmnwts fron the academic develepnent sector to the eonnmrcial pcoduetion 
sector, mis will be crucial if WXS needs large quantities of a given systan. 

Most of the instrunents described above wUl be available oonnercially. Large 
systans such as moorings are an exeqitian (althou^, even here, it is possible to 
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^ jcientific Boorlngs set oaiinerciaHy) . it will aiw,^ be deelraUe for a 

to have oonsiderahle control ever hie own otoervational progr«. ihe,e 
will be a need for operational personnel, both ashore and at sea workir. 

in areas it nakes sLe LTtS 

production of instrunents, and perhaps some functions such as routine main*- 
to be in the ocemercial sector, such as routine maintenance. 


scientists may be needed for some of the 
developnents described above to bear fruit ™ 

include the procuring of funds for the actual work, i« cases. 


Ihe scientific plans for MOCE should be framd in terms of what is oossible 

developnent, not alone in ter^ of what we can do Z. 

ft>ce a program is laid out, a subgroup of «OCE should list the resultanf^^‘ 
instrumentation ^ems and data systaBs idmue. a. “•“"* needs in 

« «ui„ . 

possiDie needs for telanetry and data handling„ 


WOCE be of sufficiOTtly large scale to have the 
agencies and the oomnercial sector) to influence the 
instruuentation developnento 


’clout" (with both fuiriing 
future of oceanographic 


•V ii»i 
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1 . INTRODUCTION 
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The processes of air-sea transfer that are relevant to the general 
circulation of the oceans are sufficiently well understood, ihere is a 
circulation driven by the surface wind stress and a thenaohaline circu- 
lation governed by the surface heat and „ass (salt budget) fluxes. The 
difficult problem then, is to observe these processes on general circu- 
lation scales (GCS), that is globally on a monthly or seasonal time 
scale with a resolution of some hundreds of kilometers. Stress is 
usually referred to a level in the atmosphere and on GCS, the assumption 
that it is entirely transmitted through the surface wave field to the 
upper ocean is likely valid. A complication may arise in high winds U 
there is significant evaporation of spray in the atmosphere because a 
parameterization of the latent heat flux from the ocean only accounts 


for mass lost through evaporation at the ocean surface. 

The possibility of satellite observations makes it tempting to 
reduce direct surface observation.s to those things satellites cannot 
measure, but for two considerations. First, higher quality surface 
measurements will result in better satellite retrieval algorithms. 
Second, satellites can have their launch postponed and once in orbit 
there are failures (SEASAT, GOES-West). Therefore, a program of global 
surface observations, of which stress is the most important, is needed 
to complement the satellites. A successful program may be able to rely 
on present techniques in some areas, but will need to advance the state 
of the art in others. This will be a large and difficult undertaking 
and care is needed to make the most effective use of the available 
resources, both financial and human. Can it be done? 


. . ..c. : . 
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2. SURFACE WIND STRESS 

The present state of knowledge of the surface wind stress or momen- 
tum flux, notwithstanding satellite remote sensing, can be briefly simb- 
marized as follows: 

a) It could be measured using the dissipation technique, almost 
routinely from ships or large buoys on the deep sea with about 20Z 
uncertainty hourly. Over GCS the uncertainty would be less, but 

still more than 10%, because of the assumptions made and constants 
used. 

b) Over GCS, bulk aerodynamic estimates can be as good as 15% provided 
that the neutral 10 meter drag coefficient is known to within 10%, 
by formulating it to lie within the solid lines of Figure lA, and 
it is corrected for height and stability, and the mean wind speed 
is as accurate as possible. i:3%. In Figure lA, vertical bars span 
the range of observed hourly values, and much of this scatter 
appears to be associated with non-equilibrium wind-wave condi- 
tions. However, this is a short time and small space scale pheno- 
menon, which is mostly accounted for by using a formulation based 
on averages of drag coefficients measured over a large range of 
conditions. Despite the averaging, there remains a 10% error due 
to errors in the data on which any such formulation is based. 

c) It seems possible that wind stress or speed could be estimated from 
the ambient oceanic acoustic noise at frequencies above about 5 
kHz, as measured remotely by a hydrophone at a depth between 100 
and thousands of meters [1]. 
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d) 


GCS time averages of the bulk vector wind stresses from ocean 
weather station (OWS) three hourly observations have compared 
favorably with refined techniques employing heavily averaged data. 
Monthly vector averaged winds and an empirically determined trans- 
formation that attempts to preserve the climatological means and 
variances, and that is valid throughout the westerlies, produced 
monthly stress components whose rms differences ranged from 0.13 
dPa at OWS -M- to 0.22 dPa at OWS 'D'. eastwards, and from 0.07 dPa 
at OWS to 0.20 dPa at OWS 'p-. northwards [2) (1 decipascal = 1 
dyne/cm^). The monthly mean bulk stress vector calculated using 
the ve^ averaged wind and its variance agrees 90 % of the time to 
within 15° in direction and ±0.5 dPa [3]. By considering the skew- 
ness. four-monthly averaged stress estimates agree to within 0.25 
dPa 95 % of the time. An extension to larger areas by estimating 
Che variance from data in the U. S. Navy Climatic Atlas and the 
mean wind from monthly averaged surface pressure maps is in pro- 
gress. as is an attempt to relate the large scale stress field to 


variations m Sverdrup transport and sea level [3]. 


e) 


The uncertainty in aircraft measurements is at least as large as in 
good bulk estimates, over large scales, and is too large for 


scatteroineter calibrations [4]. 

f) Wind speed measurements from moored buoys have improved since JASIN 
and may be approaching the desired ±3? accuracy [5]. 


Given Che above, some comments relevant to a global observational 
program are warranted. It is unlikely that the small gain in accuracy 
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Fig. 1. Neutral, 10 meter, bulk 
transfer coefficients 
(xlOOO) for momentum, 

Cq, for sensible heat, 

Cjj stable and unstable, and for 
latent heat C^. The 'best’ GCS 
formulations as functions of the 
10 meter wind speed, ought to fall 
somewhere between the solid lines. 








of dissipation measurements over bulk estimates would be worth the extra 
effort required. Instead dissipation measurements should be used to 
empirically calibrate other techniques (ambient noise, scatterometer) 
directly in terms of stress (rather than wind speed), and as a periodic 
spot check of the observed stress. Even a large concerted effort is 
unlikely to improve knowledge of the drag coefficient significantly. A 
mo re fruitful pursuit wo uld be to improve the wind speed meas„ram.nr. 
Figure 2 shows two days of wind measurements from F.S. Meteor during 
JASIN, 1978. The accuracy of the hourly averages from propeller anemo- 
meters are probably within the desired ±32 [5]. It is evident that the 
standard WMO winds are as much as 2 to 3 m/s or 302 low whenever the 
wind blows from starboard, and these reports from a research ship are 
likely better than most. An effort should be made, at least with some 
ships, to correct or reject, wind speeds according to the relative wind 
direction. The calibration and exposure of anemometeia on these ships 
could also be improved in many cases. An effort is underway to model 

the flow around navy and possibly research ships, and to determine wind 
speed corrections [6J. 

Figure 3 illustrates that a ship based observational program is 
well suited over much of the northern oceans [7]. Elsewhere there are 
few ships and strategically placed moored wind and pressure records 
and drifting buoy observations seem to be needed. FGGE demonstrated 
that a one year record of sea level pressure, SLP, and sea temperature 
is possible from a drifter, but considerable effort is required before 
accurate wind stresses are feasible. An ambient noise estimation of the 
stress magnitude is presently being pursued [8] and should be 
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ccercially available within five years. Can adeqnate wind directions 
be derived from SLP maps drawn from buoy and island pressures? If so, 
the difficult problem of measuring direction with vanes or from the 
directional noise spectrum, both requiring expensive (in teims of cost 
and/or power) compasses, is less urgent. 

Present efforts are striving to bring the cost of a FGGE type drif- 
ter down to around $2500. . is then conceivable that the approximate 

200 drifters required to produce accurate SLP analyses (FGGE specifica- 
tions), could be maintained in the southern ocean westerlies. TOGA will 
likely provide some of the South Pacific fleet and several good island 
sites could be utilised, m order to learn how to calculate GCS wind 
stress from these pressure data, good surface wind records and perhaps 
satellite winds are needed, should this calibration procedure yield 
results of sufficient accuracy (the data to do some preliminary analyses 
exits), then the regularly sampled and naturally filtered product would 
be a natural complement to the satellite winds. Pressure data have the 
added attractions that a lot of processing techniques and expertise 
already exist and they are of great meteorological interest. Given the 
low cost of these drifters, it is conceivable that such a program could 
be implemented in all ship sparse regions, or even globally with few 
thousand drifters plus ship reports. It could be of great benefit to a 
much more costly satellite program, which will have its own processing 
and calibration problems. 


\ 
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3. THERMOHALINE PROCESSES 

The balenee between the turbulent heat fluxea (latent and sensible) 
and the radiative heat fluxes (longwave and shortwave) at WS 'BBAVO- 
(56”N. 50’W) is shown in Figure 4. along with the total monthly heat 
flux and its anomaly (9). The dominant terms change from season to 
season and year to year with even the sensible heat the largest some 
winters. The balance also varies greatly with geographical location 
[10], The latent and shortwave heat fluxes are usually the largest 
terms (in winter at 40»N the longwave flux is of comparable magnitude), 
but they are of opposite sign and hence the other terms can contribute 
significantly to variability in the total surface flux. Even within the 
GATE B/C scale, one-half of the 60W/m=' ship to ship variability in net 
solar flux, as calculated from radiative transfer models, was due to 
long wave variations 111). Therefore, all terms need to be considered 
in a global observational program. In addition, the salinity budget 
needs precipitation measurements. These requirements are much more 
severe chan those for stress, and it is doubtful if they can be met, 
globally, without an extensive satellite program. 

At present we know the following: 

a) All the fluxes, including precipitation, can be measured directly 
from ships, but only with considerable care. 

b) The bulk transfer coefficient for sensible heat. Figure IB, is dif- 
ferent in unstable and stable conditions and the uncertainty in the 
former is only about 103! at low wind speeds. There is greater 
uncertainty at higher winds and in stable conditions. 
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c) The bulk transfer coefficient for latent heat is only known to 

within 15% at speeds below about 15 m/s. Figure 1C. There have not 
been any measurements at higher speeds, but a similarity theory 
extrapolation (yielding a scaling) is probably within 25% 

over the wind speeds of most flux. If evaporation of spray becomes 
significant, this Cg will not account for this mass flux. 

d) Shortwave radiation estimates based on geostationary satellite 
images are probably as good or better than those from ships or 
buoys [12], The coverage is from 50*N to SO^S and will soon be 
over all longitudes. 

e) Budyko's shortwave parameterization scheme seriously underestimates 
a model based on OWS 'PAPA' <45”N, 145-W) data both at PAPA and 

BRAVO [91. A comparison with other schemes, and an extension to 
Other areas is underway. 

f) There are many parameterizat ions tor the longwave radiation, but 
each 18 probably only valid in specific areas or seasons [13]. 

g) Attempts are being made to estimate sea surface temperature [14], 
total heat flux [15], cloudiness (FIRE program), and latent heat 
flux [16] from satellite data over the ocean. In each case an 
evaluation of the success is hampered by the lack of quality 
surface observations. 

Many of the points raised concerning wind stress observations apply 
to the heat fluxes too, but some additional comments seem appropriate. 
Again, a great deal is to be gained from improving ship measurements. 




lie* 
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To illustrate by extreme example, Figure 5 displays a large bias Ol’c) 
in intake sea temperature (measured far inside a ship) versus occasional 
bucket temperatures. However, with the two data sets it is possible to 
construct a continuous sea temperature time aeries, with much better 
accuracy than the intake temperature and much better coverage than the 
bucket. A larger scale comparison of intake and BT sea surface tempera- 
ture [17] shows a 0.4"C bias. Methods of improving air temperature and 
humidity, at least from some ships, should be investigated. 

The observational burden would be greatly eased if monthly (or 

longer) averages of sea temperature, air temperature and humidity could 

be used in bulk calculations of GCS turbulent heat fluxes. Again, such 

refined techniques have been compared to averages of the three hourly 

fluxes available from the ocean weather ships. Using monthly averages, 

also of wind spe^, the relative error is about 10% in both the latent 

and sensible heat fluxes [18]. Using monthly averages and the vector 

average wind, with an empirical wind speed dependent transformation (as 

in Section 2), the errors in the climatological means are only 3.5W/m^ 

in sensible and 17.7W/m^ in latent. However, there are large ranges in 

the rras differences in both the sensible (from aw/m^ at OWS 'P' to 
2 

8W/ra at OWS 'D') and latent (from 7 W/m^ at OWS *P' to 32 W/m^ at OWS 
N ) heat fluxes [2], Geographical areas where such techniques could be 
applied need to be determined. 

In areas with few ships, drifting buoys are capable of giving sea 
surface temperature (±.05*C) and perhaps salinity and air temperature 
( -.2 C) in the near future, but reliable humidity measurements (*3% 
relative) are contingent upon the success of current developments of 
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new sensing techniques [19J. Once accurate CGS observations of bulk 
parameters become feasible, there will be something to be gained by more 
firmly establishing Cg at high wind speeds and Cjj in stable 
stratification. 

Precipitation is an important but neglected proceas. Satellite 
eatimatea inferred from cloud top temperaturea are too indirect to be 
without ground truth and rainfall frequency baaed on total liquid water 
content will likely be more valuable. Precipitation producea moat of 
the oceanic ambient noiae above about 50 kHz and ratea may be 
quantitatively derivable using a passive hydrophone [20). 

Even with the inhomogeneous upper ocean of the JASIN experiment 
changes in the oceanic heat content over a 100 km x 150 km area surveyed 
over seven day periods, balanced the surface heat flux (50 W/m^) to 
within about the 10 W/m^ of horizontally advected heat [21]. An advec- 
tion of 20-30% of the local change in heat storage has also been obser- 
ved near OMS PAPA (50 "n, 145“W) during summer. MILE [22] and fall STREX 
[23]. It may, therefore, be possible to infer the surface heat flux 
over certain large ocean areas from the change in heat content with 
perhaps a correction for vertical advection derived from temperature 
profiles (MILE) or the curl of the wind stress. Without the dense 
sampling of JASIN, or an essentially Ekman vertical velocity, or the 
validity of the MILE assumptions (that the mixed layer isotherms are 
material surfaces), large errors could result. The surfecu hsat flux 
also needs to be a large portion of the heat content changes, unlike 
STREX where it was only about 10%. Nevertheless, the possibility of 
adapting such an inferred technique to at least limited areas and 
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perhaps seasons should be explored, because it would seem to be a means 

of estimating the surface heat flux without recourse to satellite data 
and it is well suited to drifting buoys. 


4. A SUMMARY OF SALIENT POINTS 

a) The coverage provided by presently reported ship meteorological 

observations must be weighed against the desire for more accurate 
8hi(> measurements. 

b) Refined techniques that reduce the observational requirements need 
to be developed, tested and applied wherever and whenever possible. 

c) Drifting buoys are required for remote ocean regions and SLP, Ts 
and heat content measurements are well in hand. Reliable wind 

stress and quantitative precipitation derived from ambient acoustic 
noise would be a major advance. 

d) Most of the global shortwave radiation can be estimated from GOES 
imagery and the possibility of a longwave algorithm is being 
explored. Image processing is expensive and must be minimized. 
Satellite cloud climatologies may soon be available to aid the 
radiation observations. 

e) Surface observations are required to complement satellites, and a 
program could be designed to withstand losing satellite winds for a 
period of time; however, satellite components of the surface heat 
and mass flux observations are essential. 
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INTRODUCTION 

The ability to tag large regions of the ocean (i.e. -10^^ cm^) with 
artificial tracers lies well within our grasp. A few tons of inert 
halogenated compounds can be diffused through penneable tubing into a 
target initial water parcel in a few weeks. The dispersal of the tracer 
could be monitored using shipboard or possibly even in situ electron 
capture gas chrom.tography. The lower limit of detectability is of order 
3 X 10^ molecules, e.g. 3 X 10“ molecules/cm^ in 100 ml of water. 

Such tracer experiments could be performed to study large scale 
current systems, basin wide eddy diffusion along isopycnal surfaces, and. 

most important, cross-isopycnal mean motions and diffusion inaccessible by 
Other means. 

This document presents a brief history of the purposeful tracer idea. 

the present state of development, plans for the next few years and a 

sketch of some example experiments of a type that would enhance the WOCE 
program. 

HISTORY 

Under the sponsorship of the DOE-CO 2 program in 1978-79 H. Broecker 
and J. Shepherd undertook a study of the feasibility of purposeful trac- 
ers. They concluded that experiments could be done using ^He as the trac- 
er. since 10 moles of ^He could be tracked over a large region of the 
ocean. The reaction of a wide ranee of physical oceanographers and marine 
isotope chemists was solicited. The consensus of the cosmihity was favor- 
able but three problems emerged? 

1) those studying the distribution of ’ne from mantle outgassing and 

from the 1n_s1tu decay of tritium objected to the superposition of 
yet another type of ^He; 
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2) some of the physical oceanographers feared that the injection 

would be rapidly broken into a maze of wisps and would thereby defy 
mapping; 

3) a number of people felt that it was imprudent to perform a large 
scale experiment right away and suggested that the next logical step 
was to extend T. Ewart's several day thermocline dye patch studies to 
one month. Fluoroscene dye would be mapped by the free vehicle SPURV 
as was done In Ewart's earlier experiments.. 

These suggestions were taken seriously. ^He was abandoned in favor 
of methane-21 or some perfluorocarbon. A decision was made to propose one 
or more one month .^e experiments. A theoretical panel was established to 
ponder the patchiness problem and to consider candidate localities for the 
first experiments. This group met at Lake Wilderness. Washington In Sep- 
tember 1980, and again in Cambridge, England in November 1981, These dis- 
cussions led many of the interested parties to the conclusion that the one 
month dye experiments would likely be too short in duration to allow the 
important questions concerning one to 10 year Injections to be answered. 

As SPURV lacked the range to map a big enough patch to allow useful 
extrapolation to the scale of the larger experiments it was decided that 
the one month and several year experiments should be developed separately. 
Where possibilities for sharing facilities and making joint injections ex- 
isted the two groups would work together. However, the proposals would be 
separate and the fate of one would not hinge on the fate of the other. 

Broecker and Shepherd made one basic change in the strategy for the 
long term tracer experiments as a result of a rather strong suspicion by 
the theoreticians that once the tracer patch had spread to the 30 to 300 
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km size it would be torn asunder by mesoscale eddy activity and remain 
long after as a series of wisps in tracer free water. It was decided to 
hold off any search until several years after the injection. On this time 
scale the wisps might coalesce sufficiently that valid mapping could be 
done. This original search would be carried out on ships of opportunity. 
Only when the location and patchiness of the tracer had been assessed 
would a dedicated mapping program be launched. Of course, the problem of 
wispiness could be ameliorated by a sampling system or in situ analyser 
that could be towed through the ocean at a controlled depth. 

The problem of choice of a tracer remained. Hethane-31 would have to 
be measured mass spectrometrically. The feasibility of doing this meas- 
urement at sea was not known. As larger quantities would be needed than 
for ^He It was not clear whether an injector like Ewart's could be used. 
Furthermore, we now know that methane-21 would be oxidized too rapidly in 
the sea to be used as a tracer (H. Craig. Fall 1982 AGU meeting). 

The elimination of heavy methane as a tracer left perflourocarbons as 
the remaining viable choice. Discussions with J. Lovelock. A. Watson, and 
M. Whitfield in England convinced Broecker and J. Lupton that halogenated 
confounds detected by electron capture were the answer, it was also 
decided to follow the suggestion of P. Liss that we try to diffuse the 
tracer into the sea through permeable tubing rather than via the more 
cumbersome method used for Rhodamine dye. As the English group was also 

keen to do ocean experiments the toerican group decided work cooperatively 
With them on tracer technology. 
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PRESENT STATE OF DEVELOPMENT 

Sulfur hexaflouride has been chosen as a tracer for the first 
experiments. Chromatographs are being set up and calibrated at the Marine 
Biological Associates' Laboratory in England and at Lamont to measure low 
levels of SFe in sea water, Matson Is planning to measure the backgroud 
concentration in deep water samples this summer while the Lamont group is 
planning to test the ability to perfuse SFe through various types of 
tubing at pressures encountered in the ocean, Lupton at U.C,SoB« is 
studying the merits of tracer experiments in ocean basins and looking at 
the engineering aspects of seagoing injection and sampling systems. 

The English groupp under Lovelock, is continuing to evaluate other 
tracers. In principle there is a whole suite of halogenated sulfur 
compounds and halocarbons that could be used. Of particular interest are 
nonvolatile compounds which will not be lost to the atmosphere from 
surface waters, yet which are biochemically inert in seawater. Several 
volatile and nonvolatile tracers could be available within a few years. 
Other projects which must be undertaken are studies of long term 
stability in seawater, development of efficient stripping methods for very 
low level samples, and development of sampling systems which are able to 
integrate over tens of kilometers to ameliorate the wispiness problem 
mentioned in the previous section, 

HOCE should encourage these developmental projects and the 
preliminary mesoscale experiments planned for the near future, 

PROTOTYPE EXPERIMENT 

Advance toward large scale ocean experiments rwst be made in stages. 
One project under consideration would be focused on a 100 Km scale 
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experiment to be done In 1985-86. probably in conjunction with a Gulf 
Stream warm core ring study. The experiment will involve injection of a 
tracer within a few meters of a target isopycnal surface at a depth of a 
few hundred meters, followed by surveillance of the dispersion and mean 
vertical motion of the tracer for several weeks. Such an experiment will 
have many of the features of the large scale experiments sketched below. 
Injection, sampling and analysis systems will be tested under realistic 
conditions, but in compressed temporal and spatial scales. 

During 1986-87 the engineering for a large scale Injection could be 
completed so that by the time WOCE commences, the necessary technology for 
large scale tracer experiments could be ready. 

OCEAN CIRCULATION EXPERIMENTS 

Halogenated conpounds and the electron capture detector enable 
studies of ocean circulation and mixing processes with length scales of 
order 1.000 to 10.000 Kn and time scales of order 10 years. Water sanples 
with concentrations of just 10® molecules/cm^ can probably be analyzed 
with 95X confidence levels of esS every two or three minutes with a single 
in situ or shipboard gas chromatograph. Thus 10^® molecules (a few tons) 
could be accurately mapped after dispersal over an ocean volume of 10*® 
cm® (e.g. 3.000 Km X 3.000 Km X 1.000 m). The number of ocean circulation 
experiments possible with such capability is virtually unlimitedo 

For example^ the western boundary undercurrent in the North Atlantic 
could be tagged in the north temperate zone» Mapping the tracer 
distribution over the succeeding 10 years would yield measures of the 
morphology of the undercurrent, the current speeds, the cross-isopycnal 
mixing in the vicinity of the current, and horizontal mixing both near and 
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away from the current. Although inadvertent transient tracers such as the 
freons may yield similar information to some extent, a purposeful tracer 
has the great advantage that its initial distribution will be accurately 
known. Furthermore the initial conditions may be chosen so that informa- 
tion from the purposeful tracer compliments information from the in- 
advertent tracers. Such a study would be fundamental to understanding the 
deep ocean circulation. 

Another fundamental study could be carried out in a more quiet 
eastern basin. Tracer could be injected within ±10 meters of a target 
isopycnal surface at approximately 3000 meters depth. Assume an initial 
disc of tracer with a radius of 100 Km and a thickness of 20 m. Assume an 
horizontal eddy diffusivity of lo’ cm^/s, a vertical eddy diffusivity of 1 
cnt^/s, and a mean vertical velocity of 4 m/year. After 10 years in such 
an admittedly oversimplified system, the distribution will have grown to a 
characteristic radius of order 1000 Mm and a thickness of order 500 m. 

The, 40 meter ascent of the centroid of the distribution might be measur- 
able if care is used. Such an experiment would answer the long standing 
question of whether there is significant upwelling in the deep ocean 

interior and the related question of how large the cross-isopycnal mixing 
Is In the Interior. 

As a final example, consider a study of cross-isopycnal mixing in the 
main thermocline of the North Atlantic. The early purposeful tracer 
meetings concluded that such an experiment was the most desirable first 
large scale experiment. The goal would be not only to measure the effec- 
tive cross-isopycnal diffusion coefficient but also to distinguish mixing 
processes occurring where the isopycnal surfaces outcrop In the mixed 
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layer from processes occurring at depth. To this end both a volatile and 
a nonvolatile tracer would be injected In a layer a few meters thick 
centered about a chosen isopycnal surface at appoximately 500 meters depth 
in the Sargasso Sea. Volatile tracer which mixes along isopycnal surfaces 
up to the mixed layer at high latitudes will be lost to the atmosphere 
with a time constant of about one month. Nonvolatile tracer will not be 
so lost and may resubmerge at its leisure on different isopycnal surfaces, 
the potential density of Its associated water having been modified by mix- 
Ing. heating, and salinization in the mixed layer. Processes at depth, on 
the other hand, will affect the tracers as though they were indistinguish- 
able. Thus the relative role- of the outcrop regions in cross-i sopycnal 
mixing of thermocline waters can be assessed. Of course, general hori- 
zontal mixing, and cross-i sopycnal mean motion and mixing, in the thermo- 
cline region can also be studied in this experiment just as for the deep 
basin experiment sketched above. 

The three experiments sketched here give just a taste of the possi- 
bilities offered by the use of halogenated compounds as purposeful 
tracers. Such experiments will prove an essential Ingredient In future 
studies of the world ocean circulation. WOCE should support the effort 
for tracer development during the next few years in whatever way 
possible. WOCE should give serious consideration to Including purposeful 
tracer experiments in Its own program and should be prepared to help 
experiments launched outside the direct auspices of the program. 
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A CONCEPT OF WOCE 

James C. HcWllliams 
August Bp 1983 


1. INTRODUCTION 


i-K- *PproKimately the text of a talk given durina 

the opening session of a WOCE workshop held at Woods Hole on the 

^5 K among four such talks presenting concept-^ 

relative"'or?fri?!^ Presents some personal opinions about 

relative priorities among possible techniques of observation and 
about dynamical concepts for the general Circulation! no? 

attempting to be comprehensive, neither on these particular 
topics nor on all aspects of a WOCE, since that is somehow to be 
the responsibi 1 1 ty of the workshop as a whole. 

General Circulation is the distribution 
□f and physics governing currents and related water properties on 
the horizontal and time scales within the following ranges 

MESOSCALE ^ <L, T) ^ <GLOBAL, 5- OR 10-YEAR MEAN). 

In my opinion any finer restriction of the range of scales would 

artificial and would lead to substantially less 
understandable results. ^ 

techniques can span this full range of 
scales, satellite systems are particularly suited to this. 
Inevitably, most in situ systems can only look at portions of 

ch'^car;ee ® emphasis on those 

r f ® portion. Also, however, there will be 

important, locally concentrated measurements at "pulse points" 
e General Circulation boundary currents, water property 

general, I believe a WOCE should 
include a complicated mix of measurements, and its design will 
correspondingly complicated. ^ 

2. THE CENTRAL ELEMENTS OF WOCE AND THEIR RELATIVE PRIORITIES 

4 -u i. P»"imary premise in considering the design of a WOCE is 
that fundamentally it should focus on circulation (i.e 

''elocity measurements are 

generally a better basis for inferring other quantities of 
dynamical interest than are other observables, although the 

of this advantage obviously varies with the quantity and 
scale of interest. A secondary premise is that a WOCE can be 

n ° r !.’ •" ""ormouE advance on our knowledge of the 

*’°th instruments and numerical 
“ither how exist or are under development with a 

fruition within a few year.. The real 
a uiifCi unPF "h 'I'termine the feasibility of 

find t hi among the possibilities and 

find •”®fOy? people, end money to epply them. 

Tahio r central elements of a WOCE is presented in 

Table i, ordered in three priority classes. Any such list is 
obviously premature and overly simplistic at the present 


of 


be 
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preliminary stage of planning for a WOCE, but it should be at 

V i"»tructive, to describe the rationale 
behind this particular list- wawno^e 


Table 1 

CENTRAL ELEMENTS OF WOCE 


Physical quantity Principal measurement techni oup 

r4 

surface geopotential 

altimetry + tide gauges 

> 

wind forcing 

scatter ometrys sea level 



P*"®ssure ♦ meteorological 

0 


model 

S 

mid-depth velocity 



deep drifters 


surface layer thermodynamics and 


circulations 



•buoyancy forcing 

satellites (at least for short— 



*"*ave radiation)? ships, surface 

>- 

h 

♦heat content 

drifters? meteorological model 
surface drifters? XBTs? Ctomo- 

♦surface velocity 
♦mixing penetration depth 

graphy?3 

0 

surface drifters? acoustic logs 
ships? drifters 


water-mass volumes and 
geography <i,e,, "mean" 

shipboard hydrography and water 
sampling 


lapse rate, dynamic height, 
chemical tracers? potential 



vortici ty) 


|A 

if 

variability of dynamic 
height, tracers, end 
interior heat content 

shipboard surveys? tomography? 
purposeful tracer releases 

O 

L. 

long-path velocity and 
area-averaged relative 
vorticity 

tomography with reciprocal 
shooting? deep drifters 
(heavily averaged) 

+ a variety of more local measurements <es required) 


WOCE ^Withourall^nf ? comprises my concept of a minimal 

S-aLn of these elements, I would be reluctant to 

experiment as encompassing a sufficient portion of the 

thJ bother “Cf"a“wD?p'’'n!® General Circulation to be worth 

vafuable fo^a ""V °* these elements would be 

valuable for a variety of oceanographic purposesa but less so 

than a WOCE o Altimetry and ecatterometry have the right sampling 
scales, as defined above. The wind forcing might also be obtained 




« 
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by a complementary technique, a network of sea-level pressure 
measurements which would be converted to wind forcing by a 
suitable meteorological model. Mid-depth velocity (i.e., below 
the thermocline) is the best complement to surface geopotential 
for a full-depth determination of the velocity field <see 
Sections 3 and 4), and deep drifters are the most likely 

technique for sampling at least approaching the desired range of 
sc ax es . 

^ The second priority class includes buoyancy forcing. It is 
often considered secondary in magnitude to wind forcing in 
driving the General Circulation, although this is certainly not 
true by the measure of potential energy in the oceans even if it 
IS by ^'inetic energy. Buoyancy forcing is also more difficult to 

deal with than wind forcing practically, because available 

techniques are not likely to be as relatively accurate for the 
net forcing, and conceptually, because its "transmi ssi vi ty“ to the 

surface boundary layer is much more 
subtle than for momentum. For this latter reason, WOCE should 
address the surface layer as a whole rather than simply the 
surface buoyancy fluxes. The global water masses have 

useful indicator of the largest scales 
of the General Circulation, and any significant gaps in the 
historical collection should be filled in WOCE. These quantities 
provide the environment for the circulation! tracer distributions 
provide contraints upon possible circulation patterns (we are not 
yet very good at spelling out these constraints, partly because 
sources, sinks, and boundary conditions for tracers are not very 
well known)! mean dynamic heights shore up the altimetric 
measurements where they are least accurate (at sero frequency, 
where the geoid must be subtracted)? and large-scale potential 
vorticity IS closely related to useful dynamical concepts for the 
large-scale circulation (Section 5). 

... 1 i ty in the water masses has been assigned to the 

third priority class for two reasons: it is very labor intensive 
to approach the desired sampling rate (although tomography can in 
principle do much better at this than shipboard measurements), 
and dynamic height is relatively inefficient, compared to the 
combination of surface geopotential and mid-depth velocity, in 
determining circulation (see Sections 3 and 4 below), except in 
regions where the vertical structure of currents is particularly 

important practical distinction for 

WOCE which I won t attempt here is the scale boundary between 

more useful mean' water properties and less useful and more 
difficult to measure "variability". An interesting possibility in 
this latter category, which might not be subject to the two 
disadvantages stated above, is one or many purposeful tracer releases 

velocity measurements which might be achieved 
with reciprocal shooting tomography might yield the largest 
horizontal scale components of the deep circulation more 
accurately than averages of deep drifter trajectories, and a 
connected circuit of them might yield the area-averaged relative 
vorticity within the circuit. One can state several reservations 
about this information— we have as yet no experience 
interpreting such information! it is uncertain how much of the 
energy of the deep circulation is on very long horizontal scales? 
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it is unclear how usefully dynamical canoaf-. «x 4 .k^ , 

5>r:nr'it f» -‘--'ticity (..» 

smallest path length) is feasible? However^*if'^Mtisf *°+ 
answers to these present uncertainties cin b^foCAd t^^ '’^'' 

technique may be a very valuable one for WOCE. ’ 

further in this talks ^ ^nxs win not be addressed 

are n^rrntrAded^Ss^^^^n^^^.rr^m^t: > 

priority classes rafhoi^ ^ techniques should be includeda The 

’■ ™”K?KmmS^“?„rc«S"«S" "e«sl*e«ent, 

geostrophic rel ati onshrpr 

y • e n,\ 





"/W. 

Fig. 1 (from McWilliams, Owens, 


and Hua, 1983 ) 
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presence o-f these precticel def iciencies, the fact that? by 
geostrophy? the tMO fields must have different wavenumber spectra 
implies that geopotential measurements are relatively 
inefficient? compared to velocity measurements? in estimating 
velocity. 

The differences in spectra are illustrated in Fig. 1? which 
is a statistical model fit to the observations in the POLYMODE 
Local Dynamics EKperiment (LDE). Its empirical accuracy is least 
at the largest and smallest wavenumbers? where the spectrum shape 
has been chosen with theoretical prejudice? and greatest at 
intermediate wavenumbers. No wavenumber spectrum for the General 
Circulation is well known? of course? but this one from the LDE 
is among the best presently available. 

A demonstration of the relative efficiency of the two types 
of measurements is the following. Consider a one-dimensional 
array of N data points? h&? uniformly distributed over an 
interval of length L. At each of these points? either 
geopotential or velocity measurements are available. In either 
case we make optimal linear estimates of the velocity at any 
point, >!? within the interval with the formulae 

mCiCn « 

y UN * UN V C< vU;N V , 

where the angle brackets denote ensenble mean covariances. The 
expected errors in such estimates are? respectively? 

<Cm C< fUiS 4 

The required covariances are evaluated from 

<yUN^Ct^N> 

< vUs “ cJ‘ ^ ^ ^ > 

where C(r) is the Bessel transform of the LDE geopotential 
spectrum <Fig.l)? 



and & is the relative error variance in a point measurement? 
modeled as white noise. For simplicity the same value for c'^is 
taken for each of the types of measurements. A summary measure of 
the estimation error is defined by 



and this quantity is plotted in Fig. 2. The result is the 
anticipated one that? for a given N? errors from velocity 
measurements are smaller than those from geopotential 
measurements. 

This result is reasonably robust in spectrum shape (except 
for very red shapes)? the relative error level? and the interval 
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ieloc";y'L^s!r;:ents:%rcoCrsr^ the 

be reve.ee., el though ’ th. e is “ ''rn%^«t\%^:. 


can 

I*f 



Fig. 2 

very large ica7e compo^ent^orth^veloci 

advantage would be oiven to ooor,« 4 . then a competitive 

the tendency demonstrated above? sfncr nj'ermedrr^^' 
scale components of the SDertrnm ®^e and small 

estimation and the magnitude n-f rn become errors in the 

tor geopotentiai? °t this is larger for velocity than 

wocE wurbTfoinrt“r:;;t^?:en“rre^:r.h°"’’f“‘‘^' 

in estimating the circulation, and thi s ‘i s''oirof 
?b^ih"o^::rch !lre''cL:e?y‘r:?:;:S“;: tomography mealur:"”?: 

s:ir*-t-r:m:-~ 

ments of the surface geopitenti al , except ^ha? therrjs 


no 


Reproduced from 
bes{ available copy. 
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serious alternative *for obtaining aurface geostrophic velocity 
the desired sampling rates. 

4. V/ERTICAL SAMPLING ISSUES 


Another reason -for the previous assignment of priorities is 
due to the distribution of currents in the vertical. Consider a 
truncated modal representation for geostrophic velocity of the form 


where the f„<z.' are the familiar modes from linear theory, the 
are the modal amplitudes., and is^the residual associated witli 
truncation after M modes. We model ^ as uncorrelated with any of 
the modal amplitudes and with itself except at zero lag. It has 
been shown;, from long time series from moored current meters in 
several locations, that this representation is often an efficient 
one even with M * 2. Two examples of this are shown in Table 2? 
note that the depth-averaged relative error variances are quite 

small. The two sites have quite different modal statistics the 

LDE has about three times the amplitude of MODE and its degree of 
cross-modal coupling is significantly less— associated with 
their different mean circulation environments <the LDE is within 
the Gulf Stream Recirculation Zone, while MODE has much weaker 
mean currents). The modes themselves vary slightly between the 
two locations, due to differences in the mean lapse rate, but 
this variation is secondary. 


Table 2 



MODAL STATISTICS (M * 2) 


Quantity 

MODE 

LDE 


4 a. 


It-? vn 

' 1 

i 1 ^ 

1 si 

Me %% 

. s:. ^ <^s-> 


- OSH 




, these modal statistics one can examine several aspects 

of different sampling schemes in the vertical. A very simple 
question is the degree of correlation between currents at 
different depths. With the modal representation, we write 


• '2<\l » t' 

and evaluate it for three lv*vclss at the surface, in the 
thermocline, and at mid-depths. The results are shown in 



Table 3. 
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Table 3 

CROSS-LEVEL VELOCITY CORRELATIONS 


MODE LDE 



0 

-700 

-2500 

0 

-700 

-2500 

z * 0 m 

-700 
-2500 

1.00 

.94 

p23 

loOO 

.33 

1 a 00 

I. 00 
.93 
.23 

1,00 

.40 

1.00 


They demonstrate the general result that surface and thermocUne 
geostrophic currents are highly correlated, hence nearly 
redundant measurements, while deeper currents are only weakly 
correlated with the shallower ones, hence a nearly independent 
measurement* 

Another question one can pose is thiss suppose one has 

measurements of v(c=0) and V, the first barociinic modal 

amplitude— how well can one estimate v <z ) ? This question is an 
Idealization of the possible combination of altimetric measure- 
ments of the surface flow with either dynamic height or 
tomographic temperature measurements of the barociinic flow, 
disregarding here the inefficiency of converting geopotential to 
velocity information (Section 3), It also can be answered in the 
context of optimal linear estimation .theory using the preceding 
modal representation and Table 2 statistics. The results are 
shown in Table 4. Errors in estimating v(z> in and above the 
thermocline are satisf actor i 1 y small, wfiereas they are quite 
large below the thermocline. This and the preceding calculation 
clearly indicate the importance of a set of deep velocity 
measurements. 


Table 4 

v(z) ESTIMATION ERRORS FROM v(0) and V* 

— — __ <*a 

MODE LDE 

.10 .S3 

.53 .46 


j* unclMr how generally an M ~ 2 expansion is an 
efficient representation of the eencral Circulation, and 
geographical expleratioh of this issue would be very useful for 
the design of WOCE. It seems likely that this representation will 
be less successful for circulation on the largest scales than it 
has been shown to be for the point variability sampled by one-to- 
several-year moorings, although we cannot discount the 
possibility that some other low-order modal representation, 
P®^Maps with different modes, might be comparably efficient. 

In any event, if, as also seems likely, the largest scales of 
circulation are more surface intensified than the mesoscale and 
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intermediate scale currents which dominate the MODE and LDE 
statistics, then the necessity for deep velocity measurements will 
be even greater for adequate estimates of deep circulation 
Thus the arguments of both the preceding and present 
Sections tend to lower the priority accorded to the baroclinic 
geopotential in the context of altimetry and deep velocityo Some 
of the counter-arguments are listed in Section 2o 

5« LARGE-SCALE DYNAMICS 


, oversimplification and as yet far too 

empirical justification, I propose that the point dynamics 
of the large-scale, low-frequency (i.e., beyond mesoscale) 

General Circulation are, to a substantial degree, the advective- 
diffusive dynamics of stretching vorticity» 

Potential vorticity can be split into three components for 
small Rossby numbers 


q = P + S + R, 

where P represents the combined effects of Coriolis frequency 
variations and topography, S the vertical stretchino of fluid 
columns, and R the relative vorticity. The first two of these are 
often expressed as f/h, where f is the Coriolis frequency and h 
is the thickness of a fluid layer bounded by surfaces of constant 
potentia density or the ocean bottom. In this notation the mean 
potential vorticity equation is 


( P S ) 


v’S' 


wind forcing 
buoyancy forcing 
relative vorticity 
sub-mesoscale effects 


Here the overbar denotes large-scale, the first term on the right 
IS associated with mesoscale motions, and the list refers to 
other processes generally of lesser magnitude. This equation 
expresses what I mean by the dynamics of stretching vorticity. It 
IS much more likely to be valid as a point balance, which is the 
form in which it is written, than in a large area or volume 
integral, where the “lesser" terms will rise in relative 
i mportance. 

The accompanying heat equation is 


% 




-V • v”f " + 


9 9 4 


(advection) (diffusion) 


This balance has been demonstrated at the LDE site in the ©ulf 
Stream Recirculation Zone, where both the mesoscale eddies and 
^•^ 9 ®"“Scale circulation are strong, and may carry— over to other, 
weaker regions. The inferred vertical velocity is plotted in 
Fig. 3. An indication of the dominance of stretching vorticity 
dynamics is the relative smallness of the Subtropical Gyre Ekman 
pumping (w«) at the upper surface. Estimates of the strength of 
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•if*csosc®le diffusion st seversl locst^ions sre shown in FiQe 4 o 
It clearly has significant geographical variation^ and in some 
Itsra-ions is quite large« There appears to be a monotonic increase 
with mesoscale eddy energy p although there is no reason to 
believe that the straight-line fit has general validityo 





9 0099959099 


Fig. 3 d Several inferential estimates of mean vertical 
velocity at the LDE site (McWilliams^ 1983) » 



£0pr ¥£i0etTr wa. 


Fig, 4 b Horizontalp single-particle diffusivity vs« the 
variance of eddy velocity (Pricep i9e3)c 
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Several studies have recently focused upon the larae-srai= 
distribution of f/h» A particular interest in th.2f .f.S 

upper thermocline, there is a region which might be homoge^eLs) 







Fig, 


Fig. 6 


65* and 50* W. Longitude (solid 


open cir;ie;, respecU^ilyT^or t^r^ri^ye"; boCn^d'’: 

% eurfaces (McDowell, Keffer. and Rhine^ TgaT 

-ch panel indicates the cont;ibCuon%"r:; rvarlaTi^ni'^fonC. 

(HollInS; p;rLnaf coLCn^ciuSnl:™ * 


certainly any systemmatic 
contribution from f alone. 


variations are weaker than the 
There is substantial scatter about 


a 





167 


possible uniform value Mhich- if not either - • 

compensated by local relativi vorUci:;r*Lrr:u9g::t th^^ 

homogeneLs regio^ both*Jhrmisos«l^'”.n^ 

•olution iTShLn in Fir*i*Un'’mSBt “odel 

th. different betiiien q'and J/hT in 

I certainly hope that a WOCE will yield good emoirical 

topics can be better assessed. »«eas on these 

6 . DISCLAIMERS 


There are many aspects of a WOCE which I have no4- 
about and are fully important as those I ^ talked 
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Ocean Acoustic Tomography — Basin Scale Applications 
Walter MunJc and Carl Wunsch 

1* Introduction 

ocean aeouitle tomogfaphy ii an experimental technique ioz obaer- 
ving the ocean by paaaing known acouitioal aignale through the ocean and 
inverting the received aignala for the oceanic state along the acoustic 
paths. Since it was first proposed (Hunk and Wunsch, 1978), an intensive 
effort has ensued to demonstrate and understand its capabilities (e.g., 
Spiesberger et al . , 1980; Spindel and Spiesberger, 1981). 

The fullest demonstration of the practical capabilities of a tomo- 
graphic system was provided by a field test in late 1981 and described 
in preliminary form by The Ocean Tomography Group, 1982, and in more 
detail by Cornuelle, 1983, Cornuelle and Wunsch, 1983, Spiesberger at al . , 
1983. Here a 300 km * 300 km square was mapped acoustically using 4 
sources and 5 receivers. Figures 1-3 show three "snapshots" of the 
ocean (from Cornuelle, 1983); the point we wish to emphasize is that 
these maps were made eurelj- acoustically - the only non-acoustic information 
being a single, average^ hydrographic station. 

This demonstration showed the ability of tomography to map the 
mesoscale. In contemplating the general ocean circulation, the most 
appealing property of tomography is not our ability to make a mesoscale 
map — rather it is the natural integrating behavior of the system. To 
zero order, the travel time of an acoustic pulse across an ocean basin 
is a measure of the integrated heat content of the ocean. The difference 
in travel time for a pulse to go from A to B and that from B to A is at 


zero order a measure of the average horizontal velocity in the vertical 


PAY 81 DEPTH 700 M. 



KM. EAST 


periphery, Sound speed is around th« 

(Prom Cornuelle,1983) Sueh^f»ifl correlated with temperature 

intervals but oA£rthref ft ^ 
also mappable, onown nere, other depths are 








tiune 


July 1981 


Figo 4>o Comparison of Gulf Stream position from IR and other conventional 
data (dotsK with position inferred from tomographic transmission across it 
( lines )e Prom Spiesberger, et al 19B3* 
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plane of A-B. (One way travel tine tonography - "tengierature tonography" 
is what was demonstrated in 1981, reciprocal travel tine tonography - 
velocity tonography - is being denonstratmJ this suaaer. 1983, at sea.) 

Hunk and jdunseh, 1983a, b eeniidsrad the laplleatisna of thaas 
idaaa at soma length, Ineludlng an error analyaia of the syaten if one 
seeks the integrated heat content end oceanic wortieity. Bxcsrpta from 
MW 1982a are enclosed as an Appendix. The conclusion was that in principle 
very precise determination of oceanic heat content, velocity, vorticity 
and upwelXing could be made. 

(Figure 4, taken from Spiesberger et al. , 1983 shows one way travel 
tines measured across the Gulf stream perhaps one of the most difficult 
such places to make the acoustics work. The very large changes in acoustic 
travel time are a reflection of meanders of the Gulf stream thus changing 
the relative amounts of warm Sargasso Sea water and cold slope water along 
the acoustic path. Details of the meander process are contained in the 
details of the changes in arrival time — but the zero order "climatological" 

is dppairenb even to th© ©y©*) 

2- What Sh ould We do with Tonography? 

We know of no other practical approach to obtaining large spatial 
averages of the ocean that would not require inordinate amounts of hardware 
at sea. Another tomographic virtue is that the growth in number of paths 
goes nearly quadratically with the number of instruments in the water - 
rather than the linear information growth characteristic of point measure- 
ments (longuet-HigginSf 1983 has analyzed the information content of N 
source/receiver pairs) . 
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Tonography is a^ exan^le of an observational system, now under 
developoent, potentially capable of making crucial observations for 
WOCB and its climate objectives- The issue for WOCE planning is whether 
the promise of .the technology is so great as to warrant an aeealaratad 
effort to make it nearly certain that the technology will indeed be 
available when needed, or whether eaisting efforts are perceived as adequate 
to do so, or whether it is such a speculative technique that it should 
remain only as an experimental exponent of HOCE. 

Those of us intimately Involved with acoustic tomography have 
certain prejudices. Based \^on our esperience to date, both with field 
data, and with theory, we see no harriers to making the method a potent 
conponent of WOCE by the end of the decade. Indeed the technology used 
in the 1981 experiment — that for tenperature tomography — is essentially 
off-the-shelf hardware. Velocity tomography is somewhat n»re difficult — 
it requires a better clock; we believe that this technology will also be 
fully demonstrated within 2 or 3 years. By the beginning of the intensive 
field phiise of WOCE (circa 1989) the following should have happened 
(under present planning) i 

1) Demonstration of reciprocal tomography over 300 )cm (1983) and over 
order 2000 km (1986) . 

2) Demonstration of tenperature tomography over 300 and lOOO km (1981, 

1983, 1986). 

3) Simulation (Rlzzoli) of basin scale measurements of both types of 



tomography in an BGCH- 
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4) Con^lete understanding of raid-ocean accuracies and precisions of 
the raeasursnent. 

5) An ability to construct and deploy eoa^aratiswly modest nunbers of 
moorings in deean basins (about 15/basi^ capable of generating strong 
integraf constraints on the circulation and its fluctuations. 

6) Data relay by satellite to remove the necessity of (a) mooring recovery 
for data recovery, (b) "blind" waiting to know if instruments are 
operating. 

7) Development (principally by the U. S. Navy) of techniques adequate 
for tomography from moving ships (relying heavily upon the very high 
navigation accuracies to be made available from the GPS) , 

If we can in fact do these things, then as outlined by Nunk and 
Wunsch, 1982a, the combination of altimetry, scatterometry, tomography 
and models should vastly increase knowledge of what the ocean is doing. 

The cruc ial elements as seen by ua are the following ; 

The forthcoming demonstrations must be clear and convincing; the ^d)ility 
to communicate via satellite is essential; commercial manufacture of 
instruments for both types of tomography must begin very soon. These 
things can all be done — 1989 is probably the earliest one could hope 


to deploy significant numbers of tomographic moorings. It seems worth 
a good effort. 



176 



a 15 mooring North Atlantic 
gyre scale measuring array. Only a few of +Via me 

on^ woSl^ meL;irfthe\ntL^l^td 

nea^ content and velocitv ah a fi'w^<^+ii»«»» ^ j ^ 

as circulation arou^relL“losfrs1ror°paths"!’’ ’ 
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APPENDIX 

(From Munk and Wunech 1982a ) 


. . umptram 

in .ppendiTI Tfe •^tfomard «,d i. given 

Wunsch .,8*7) and* ^ 

the large dimension of the to!^'d!e”n^* * fitnction of depth and time. Because of 

Upper and lower bounds to the heat content can be *"* “**“ “ 8«atly subdued, 

inversion described by Wunsch & MinsterTio8a) ■ae^”*’“^ 

the bounds, given the vector of measurement’erir^ P™ce<iures provide a stable esUmate of 


However, the principal asset is not the precisio^b^ 2T‘ * ””*"** 

leads us to the next topic. ^ large-scale spatial integration, and this 


vortuity 

the need for prec.se dme-keeping is dispens«l with in a sin^^around geomet^ FwenX cf 

of the mean vorttcty can be combined with the vertical structure of the density held to yield 
potenual vorucy as a funcUon of depth. This type ofinformation may provWe ve™^.!] 

^w ael " *0 independent variable. 

How accurately can we measure vorticity ? Consider an i x Z square From Stokes theorem the 

clockw.sem.nu5clockw.se sing-around rime. WehavegivenasomewhatoptimisticarKumentthat 

f » {2C/L) (5d/d) - (1.2 X 10-*) 10-* - 1 X IO-*s-* » 1 x lO-y 
ITst. a^df; ™”""« P«i«ion.keeping 




uvitSiS'- 


What is the expected ngnal? In a Sverdrup balance 

- curir, 

where p is density, k b layer depth, fi - d//dy (y b northwaid) and r b the wind stress. Set 

' j.®*’*’* ^ ^ “//'«»»■ Let r vary from -r, in the trades to +r, in the westerUes over 

a distance L, The resulting gyre vorticity is 

Cl - Vy - io-*i-i . 10-4/ 

fer * - 1000km desipiatlng the dbtanee fiom the eastern boundary, £ - tSOO km, A - 1 km. 
r*„» - 6000km, T,-Sdyncm-* (lO-tNera-*), and /. 10-4s->. Thb b ten times our 


precision esumate. 


The mean vorticity in a mesoscale eddy might be C. - 10->/ and so be enormous compared 
with the^vorUcityiO-y However, with!. - lOOkmaadI, - 2fi00 km. the eddy integrated 
vorticity might be about the same as the gyre and we can expect a significant fluctu- 
auon in the measured circulation as mesoscale eddies enter and exit the array area. 

For an array consisting of« peripheral transducer. Longuet-Higgins (198a) has shown that 
*(« - l)/l X 2 18 the number of paths between instrument pairs. «(« - 1) («- 2)/l x 2 x 3 is the 
number of triangles. and(n- 1) («-2)/l x 2 is the number of independent triangles. Fo^a^uarc 


V' 

un< 


MOORING e 


SHIP a 

Fiovaa 6. Ship-undiip tomography over a large area. This requires very precise navigatioo. as may become 
available fiom the Global P^tioning System in the mld*1980s. For two ships stopping every MMun for 90 min 
(this may not be necessary), a tomographic coverage %vith 100 km resolution U complete in IS days (<). 
The combined dup>mooring tmnogia^y (9) increases the numb^ of transmission pat^ from one to six, and 
greatly reduces the average time. 
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4.6. 

The abiUty to measure velocities and densities over moderate^iaed regions of the central ocean 
permits a mnnecOm to be m^e to ordinary vorticity dynamics and leads to an ability to infer 
vertical velocities. The condition of Ron“divcrgencc spates that 

Conservation of density requires that 

*V»+PP»+wpg - 0. 

o and B. by inverting the two equationa simultaneously. We estimate that to as smaU as 
lO-cm s- (m. 1 md-t) ^„Id be measurable, a vsdue rqires^tadve of open sea up!^Z“ 
The density conservauon equation can be written ^ 

-wm u(p,/p^ +»(P,/Pg) - 

“ kV?" “'■“py'"*' ■«>‘*‘ion of Stommel & Schott 1977). 

^tT-Se^atirr "" 0“-8«»‘«>PWc momentum l»lance equation, leads to 7 he 

«*„+r(A,-/?s//).»o. 

All these terms can be measured, at least in principle, and so the beta spiral pmvides a set of 
consistency relauons that are useful in the inveniom. ® 


4.6. Further (koehpmenis 

oiillhmL for d"- Klepczynski .,78) becomes operarional, die 

possibihty for doing acousuc tomography from ship, is opened up. The ops level of accuracy in 


naviption (m. I m horizontally) would remove the ship position error from the measurement, 
provided that towed sensors (perhaps arrays) can be navigated relative to the ship with high 
accuracy. One could envisage ship-to-ship tomography (figure 6 a) or a mixed ship-to-mooring 
tomography (figure 6b), permitting rapid mapping oflarge ocean areas. This would eliminate 
clock and power problems, but with the present arrangement a highprocessing gain is achieved by 
many re^titions of the coded sequence in a single transmission; travel-time precision and path 
stability is attained by averaging many such transmissions. There is a question of how all this can 
be done in a moving geometry. 


Appendix A. Precision and resolution at meoametre acoustic ranges 
The measurement error of arrival time for a resolved ray path is {S/N)-bd, where S and N 
denote signal and noise power, and d is essentially the reciprocal of the radiated bandwidth. 
Write J = where Q is the conventional for a resonant source, and /is the centre 
frequency. For a 300 km transmission experiment in the fall of 1082 we have Q » 4,/a 400 Hz, 
hence 4 « 0.01 s, and S/M « 20dB, thus giving a measurement error of I ms, and a fractional 
error of 6 x I0“», Can this precision be retained at megametre ranges? 

We wish to minimize (5/^)-M. The signal intensity S is attenuated by sdB/km, with 
a as IO-’(//Hz)* m below a few hundred hertz. This can be written - e-^*, with 
fi - A«(ln 10). At high frequency 5"* is larger, and at low frequency J is larger (assuming 
constant Q). A minimum in corresponds to a maximum in 

Jd-* «/«exp{- A(oeoi2ln i0)/»). 

which yields an optimum frequency/,,, - (IO/«,Jiln J0)» - ZeSHs ati* - 1000 km. Note that 
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Table AJ. Acouinc transuuuon at 2^4 Hz over I Mm 


(I) lource level 189 dB/uPs 

<S) apherieal tpreadini -ISOdB 

<l) attemution -6dB 

(4) iceeiver directivity •«>4dB 

(0) oeherem averefing <M6 dB 

<4) pube eomprenion »i4dB 

■M07dB 

(7) nelie per herta -M d6 

<l) bandwidth • 18 dfi 

(•) nignaltnoise S4dB ~ 


“ >**<* ■ tiiiwtivity 

gain or«-5dB ' 

Cjdmdfieal ipreading beyond lO lun giva > lOOdB: our experience 

^berieal mreading ii more neariy correct. 


prcMBt Goofliuimtiooi oTlbur leeeiven 
mean of 81 lequeaeei 

fer ffg digit! per • 0 lequeaee, lor a SS He bandwidtbf 


medium ibippinf density at sea lUte 3 
for S3 Hi ba^widthf 


digit length 
precision 


32 ms Ibr 32 Ha bandwidth 
t ms 


t Bandwidth cancels between lines (0) and (8). 


fiR = I for/ -/opt. so that the absorption is always by e“> at the optimum frequency. Cylindrical 
spreading would reduce the intensity according to ^ a; R-\ and so the dependence of on 
range (but always at optinium frequency) is 

as R^f;{^ a RhRh, 

*nie>aclw«a/ error in travel time is independent of range. (All this is specilsc to a chemical absorp- 
lion a ssp.) We have ignored the frequency dependence of the noise N{f); at a few hundred 
hertz this is dominated by ship noise. 

The conclusion is that the fractional travel time error (which is insensitive to range) is roughly 
6 X 10-«. Table A1 summarizes the expected performance. The ubie is based on conservative 
estimates. The precision can be further improved by using sources of greater power and shorter 
digit length, and the range extended from 1 to 3 Mm. For comparison, the fractional change In 
soundspeed is 3 x I0-«/mK (for temperature tomography), and 7 x 10-*/(cm s->) (for velocity 
tomography). , 

Additional errors are introduced by timekeeping and mooring position keeping. Referring 
now to the experimental setup described by the Ocean Tomography Group (198s), dock error 
can be kept to I ms by use of a rubidium oscillator, and mooring motion can be monitored to 
1 metre (corresponding again to 1 ms) by interrogating bottom transponders. These are accept* 
able errors. 
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A WOCE Density Program 
W. D. Nowlin, Jr. and Joseph L. Reid 


1. Introduction 

The focus of this discussion is on the relationship between the World Ocean 
Circulation Experiment (WOCE) and measurements of the ocean's density field and 
its variations. The questions addressed here Include: What is the present 
status of relative dynamics fields for the world ocean; What can a density 
program contribute to a WOCE; Can WOCE measurements aid in interpretations of 
the density field; and What are reasonable elements of a WOCE density program? 

The purpose here is not to provide answers to these questions, but rather 
to identify some problems involved with planning a density program for the 
study of the world ocean circulation and thereby to provide a framework for 
further study which may yield more definitive solutions to such problems 


2. The global mean ocean circulation 

Our current picture of the mean alobal ocean circulation is almost exclusively 
derived from historical hydrography (here meaning serial measurements of temperature, 
salinity and pressure at ocean stations sufficient to determine the density field 
for geostrophic flow estimations) and chemical measurements (ranging from dissolved 
oxygen to radionuclides). 

Wany specifics of the general ocean circulation are still not yet well described, 
much less understood. For example, until the past few years the Antarctic Circumpolar 
Current was thought of as a broad, sluggish eastward drift around Antarctica. We 
have now learned that the Antarctic Circumpolar Current, the major zonal current 
system in terms of transport, is really comprised of several narrow current cores 
with much attendant mesoscale, energetic behavior. This knowledge was gained by 
nejw field observations — of the density and property fields, as well as the 

velocity fields. As another example, it appears that we know so little about zonal 

circulations at subsurface depths -- we have only the vaguest qualitative picture -- 
that even the best analysts or modelers might be led astray by the present data 
bank of principally zonal sections. Some yet unanswered questions about the P-lorth 
Atlantic are: Does the Gulf Stream (or florth Atlantic Current) really extend east 

of the Mid-Atlantic Ridge at depths down to 3000 m? And does the Gulf Stream 

recircul-^tion begin In the eastern half of the Atlantic? How far east? And what 
IS the real circulation that accounts for the pattern of the Mediterranean salt 
tongue? (Even a few meridional section: placed properly might do much to resolve 
these issues.) 

Moreover, our picture of the general circulation, even in well sampled regions, 
may not be exactly accurate since knowledge of the density field provides us only 
with flow at one level relative to another. 

If we can measure the slope of the sea surface, or of any other pressure surface, 
with respect to a level surface, we can calculate the geostrophic current that would 
balance this slope, or horizontal pressure gradient. But we are not yet able to locate 
a level surface in the ocean. 



' T rv 
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We can calculate, using the hydrostatic equation, the slope of an Isobar 
with respect to another isobar, and then use this slope to calculate the geo- 
strophic current at one of the isobars with respect to the other. But this is 
relative, not absolute, geostrophic speed. 

If we assume that the flow in the deep ocean is very weak, i.e., much less than 
at the sea surface, then the flow at the sea surface calculated relative to some 
very deep isobar may not be far wrong, and we can learn something about the General 
circulation of the upper waters. » 

This has been the general practice among oceanographers and is sometimes called 
the dynamic method. Following it we have learned something about upper circulation 
and vertical shear (relative dynamics), though our results cannot be as exact as 
we would like. 

We have known for a long time that there are deep currents in the ocean. That 
means that a deep isobar does not coincide with a level surface, but slopes. The 
surface slopes we have calculated will be incorrect by the magnitude of the slope, 
and the surface speeds will be too strong or too weak by the magnitude of the 
deep flow along our reference isobar. Likewise, the reverse is true; that is, 

If we take as known by other measurements the slope of the surface isobar, then 
the slope of deep isobars will be in error by the error of the surface slooe 
measurement. 

When representing the surface or intermediate flow fields, we coiranonly resort 
to dynamics maps relative to some deep reference level. In fact this is the only 
means available at present for describing the flow at one level relative to another 
in considering large areas. This leveling of the sea surface or some Intermediate 
depth isobar with respect to a deep reference cannot be extended to the Global 
ocean for several reasons. Bathymetric features — the mid-ocean ridge system and 
const-aints such as Drake Passage — separate the basins of the world ocean at 
intej-mediate depths. The mediterranean seas, such as the Arctic, are separated 
from theworld ocean by rather shallow sills. Also, the spa surface area over 
continental shelves is large, but cannot be leveled accurately relative to deep 
reference surfaces. 


3. Relative dynamics fields for the world ocean 

Lisitrin's (1965) map of the height of the sea surface with respect to the 
4000-decibar (db) surface (Fig. 1), which lies at depths near 3850 m, is a familiar 
type of relative dynamics display. Though the detail is not as good as later 
versions, it Illustrates the range of values quite well. The highest values are 
near the tropic circles, within the great anticyclonic gyres, and the lowest values 
that we can relate to the others are found on the southern side of the Antarctic 
Circumpolar Current. The greatest range is about 270 cm, from the 400-cm height 
just south of Japan to the 130-cm value within the Weddell Sea. However, the 400-cm 
contour is inside a ridge and should not be included, so instead we have a global 
range of 380 - 130 ® 250 cm. (Note that the North Pacific values are higher than 
those in the North Atlantic by about a meter on this map. This may be a little 
too high, but not much.) 
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A later version for the Pacific is given as Fia 7 fRpiri anH io- 7 c\ 

Here the sea surface is referred to only loSo Lc gars/wh d^ 

to 4000 decibars. This means, of course, that the range of relative''<;lnnpc 

The newer data, integrated from 4000 decibars, show the ranae fn Hp prr 

the range fro. 15=S. 170“E (360 cm) to 62»S, UoTosTcm) l^onlTw cm ' 

(Reid'et sea surface relative to 2000 decibars for the Atlantic 

Referred to 4000 decibars there is a ranae of about 200 cm in the Atlantir 
tJp the^difference is betw^n ^he io^^he^n 

is Sniy ?6 cm higher!'^®^ high, but the low 

show"g’many\'n^ogoSs’fLlo”^ ^°°° 

The difference in dynamic heights between the Atlantic and Pacific has bPPn 
discussed by Reid (1961). Between as-’N and 25°S the sea surface In L 
Pacific stands 25-50 cm higher than does the Atlantic relative to 1000 db The 

2JnL"^i'ifgreater' ' becauL the salf* 

inwol?^ difference in height between the two oceans can be comoared by geodetic 
leveling across the Isthmus of Panama. • These maps show that there •’k: a i;innp 

TthP TnHian equator in the Atlantic and Pacific (though not 

in the Indian Ocean), so we are comparing a relative low in the Pacific to 

?ind^%hrp.^p?5/" theodolites across iSe Is?hmus 

rMllS'" Pacific about 23 cm higher. Oceanic leveling by using the 2000 decibar 
a reference gives about 16 cm. (We note there are seasonal and other 
thatour oceanic data bank cannot yet take into account.) The agreement 

th^SSrld^hr^H"®’ evidence that oceanic leveling around 

the world, based on deep isobaric surfaces, is that good. ^ 

One j^oason for doubt is that the oceans are separated by ridges as well as 
continents.^ Not only does the mid-ocean ridge system separate the major basins 

abLt^800®m^dpntM*’^v ^^''eenland-Scotland Ridge (at 

about 800-m depth) make leveling into the Arctic Mediterranean very dubious 


- - — - 


WttftiliTliiUiMuili-y 
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. 2. The geopotential anomaly at the sea-surface relative 
to the 1000-decibar surface, in dynamic meters 
(10 m^/sec^orlO J/kg). In the shaded areas the 
ocean depth is less than 1000 m. (Reid and Arthur, 
1975). 
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Constrictions between the major basins, such as Drake Passage, may also 
invalidate any oceanic leveling referred to deep isobars. ^ 

We conjecture that the flow from the Bering Sea into the Arctic Ocean 
through the Bering Strait is a consequence of the hioher sea level in ?he 
the^Arrtl^^n Atlantic, but we have not a valid measure of the height of 
K,* "'®^!uring system that allows. estimation of the elevation 
MluahlB Aomegian-Greenland Sea with the world ocean would be ver^ 

valuable. It would have to extend to at least you’ll. ^ 

c of the great ocean Is open at 2000-db depth, it is plain frnm Fin 

2000-db surface with respect to 
the 3500-db surface, that one of these surfaces certainly slopes While the 
ranges in each ocean north of 40°S are small, perhaprs cm there til? nn 

^ Of the effect 

40°S^and 60°s!^ Circumpolar Current, shows a difference -of about 35 cm between 

i. ® Ar^^hur, 1975) we see that in the far south Pacific there 

Thic B- ^[’9® of about 10 cm in 1000 km at 3000 decibars relative to 4000 decibars 
6'"Phasl2®s that oceanic leveling referred to a deep isobar if 
limited to reference depths of less than 4000 m. ^ ' 

There are also problems when attemptina to carry oceanic levelina into 

f nilr'c” measurements of currents and of La level at tide 

gauges suggest there are slopes of 10 to 20 cm over the last 50 km near the 
shore in the northeast Pacific, i.e., slopes of 10 -b. Using these technioues 

we are unable to incorporate flow representations for shallow regions into alobal 
pictures relative to deep reference levels. ^''t^wow regions into global 

There are many regions in the world ocean in which the density field is not 
well sampled, pen for the conspuction of major circulation features. The workers 
relative dynamics maps shown previously have of course faced that 
with^tL interpretations. A different scientist dealinn 

^^ve produced an alternative interpretation. This is 
tho H f that the ovpall field of relative dynamics would necessarily change but 
features different. And, some of these details ar^verr^mportan^^ 


A South Atlantic aboard the METEOR and anain 

ows in the eastem South Atlantic have never 
bep mapped in detail. Wust (1935), Defant {1941a, 1941b), Kirwan (1963) Reid flQSll 
and Fu (1981) eph have worked through the data and have, with their various methods 
tried to understand the flow. However, with the materials available, no one has been’ 

to these 

eap wpt sections, bp perhaps because of the orientation of the lines, he discussed 

A? an^ c ZlTtll I rn.f.h '"'"'I Intemediate Water and North 

Apapic Dep Water across the lines, and did not deal with the zonal flow patterns 

of these waters, or with any waters below the North Atlantic Deep Water. As hir 
tranpop streamlpp (Fig. 7) indicate, the constraints of the 8‘'-latitude spacing 

^ "^^^'^^spory treament of flow parallel to those sections.' 
nn thp mal previous investigators and are equally bothersome 

on the map (Fig. 5) ofstenc height at 2000 relative to 2500 db prepared by Reid (1981. 
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Fig. 6. The geopotential anomaly at the 3000-decibar surface 
™ e 4000-decibar surface, in dynamic “ 

the oLin Shaded areas 

Arthu? ^ 97 !) "°°° 
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Reid's map may be compared with Fu's (1981) which show^; tranc:nnrf 
the Upper North Atlantic Deep Water, at depths from 2000 to mn m 
2000-db surface. Each shows a westward flw LSn S»S L 16°S ’an 

® westward flow between 2^°S and 32°S Rpiri'r'^ 
added other data of high quality that were at hand but therel^e so few ?h t'""’ 
the meridional gradients were not resolved. The IGY lines soaced at fi° h 

lines'' Thev^arp'lJ'^ streamfunction/as do the oLr METEOR 

a unique inirpretat^on'o^'h^'ci^'^aMon! as ?iIliou?L'^n^he’clefr''"Ms'?s 

ar^ ?nLe°5urte^S°?lL1:e1h^r^I^e°raV^?;?u"?ai?o^^^ 

thn, density data has been accumulated throughout this centurv 

p*?: ! -f ss-pSi.-iig 'i;rL r 

Si ;«r|.X3S ni;s«pT 

different short and mesoscale phenomena on density observations. 

we ha^vTmtlrnr^nrh^^^^ Oimited) regions which have been extensively sampled 
viriahn^w ?r hydrographic information on seasonal or on year-to-year^ 
var ab lity. It was not until 1981 that an attempt was made to resamDlfbLin- 
scale sections and thus estimate long-period, large scale variabilitv^in rionc-j+v/ 
and property distributions. Roemmich and Wunsch (1982 and submitted to Scienref 
reported significant differences between the temperaturt, salinuf anS d^^^ 
distributpns on zonal transects near 36“ and 24°N across the North Atlanfir 
occupied in l957 and 1981. Swift (submitted) regSr^r^Lbslant^al^ sMf? ]n the 

water cJlde^^brab^^ Atlantic, with the 

itlnL C and less saline by about 0.02. Variabilitv on such 

sejaraterdata set^w^Hp^^ doubts regarding the validity of combinina 

di??HhM?.-nnc f separated in time when representing basin scale density 

larnl c ^1 .I'lDreover, as pointed out by Stommel and Schott (1977) lono-period 
large-scale variability In the density fields leads to unstable results when the ^ 
fields^ inverse) method is applied in an attempt to estimate absolute flow 


4. What can a density program do for WOCE? 

First, our knowledge of the general global circulation is derived orincinnllv 

wnr? information must be used as the basis of 

^ase, and thereby our concept of general 
circulation features, can be improved, the basis for such planning should be Improved. 

historical density field is the only way to relate to the 
a?p pictures of mean surface circulation and forcing which 

the ?SJfairelevatio^ ""LrflrT error-free information regarding 

necessaJv tn ^ A r sea-air transfers, and the understanding 

(or vaHabilit^thlrPofl^^ correctly into global fields of surface currents 

general we would require knowledge of the 

interior^^whPt^^^ f ® T surface circulation to the ocean 

interior, whether this be done by numerical model or by application of the dynamic 
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method under the assumption of quasi-geostrophic flow. 

Third, rapid, repeated density sampling could orovide riptaiic in 

Fourth, repeated long density sections could orovide estlmatoc i..nr,o.. • j 

(seasonal or interannual) variability of selected^UrorsLweaL^L i 
would help put the WOCE fields in hiWical perspective ^ features. Such information 

using\™omMna?^on^?'Jens?ty?^L'"rrln^^^^^^^^ indlreTt^'^ 

f™m^r]?i?]lS:r^?ed^°n^l^^rel.^'’^=^ ™asured surface^^:=Je^^:'':^^h^thL“e""e^ttTe^r ' 


5. 


How could WOCE aid our interpretation of the density field? 


regions of the ocean in which the deep flows are Quite larop 

iss'ir.i'.-isii* s:s2r.rr":ia?r - |'S" 

Arnold Gordon (1975) has measured the velocity of 5inn-m ripnth 3 + i 7 nor 

^ ?hfSaclf?r abyssal anta^c?Ic"l? ^r^Srninf northward’ 

measurement of 16 cm/sec at 4933 m would give an i^rement ofls'^cm ove; ?00 km distance, 

mighf b^aS^f le^'';L^?s1ic^^?o^ranTSe? L°t"?e?"^sl?ma^Ll Srlp^ed'^^ 

tSSe^s 1s“ 

g t expect to pick up at least a half meter more than we see in the relative maps. 

Ifi on the other hand, the slope of the sea surface with resnect tn a IpvpI 

Circulation^. isobars, and learn more, in particular, about the abyssal ^ 
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However, the degree of accuracy in thp «:iiv'-Far*o 
IS required to deal with the deeper flow may mt he '!®®='J''™ents that 

Referring to the map of steric height 1000/40nn^Hh% ^^*u''®n 
see a range of about one centimeter in Pacific (Fig. 6) we 

range in the north (not shown) is only LoutTs'™^^ 

and North Pacific the 2000/3500 db range irabout ^rm^" Atlantic 

ranges may differ, these maps represeTthe hern^i- ^ 

actual gradients measured by other means (satel?itl 

ireasurements, or any other) must be eouiueienr- ^ altimetry, current 

less than one cm if the deeper fields ?n such\^:a^1relo^e°consi5ered?' 

providrsSpport’and’motivatiJrft^^^ dynamics, WOCE might 

of data on the large scale distrihutiLf^n^®?®*^?^’"^’’'"®''®'®"^ ““f dank 

Although the need for such work seeml clear s"d chemical parameters. 

improving global density fields doef nnl ’"derest by the community in 

decade. uensmy yields does not seem to have been high in the last 


6. A Density Program for WOCE 

hydrograJhr:l3'ctaic'IfmIasStIii^ -*'■-9 

stations during the next 5 3r so I^3^s we coul3 

concept of the general circulation faL f-'S^^^^cantly improve our 

sampling may alter substantia??^ iianrof 

our pictures and add new detail Thta imnmvfH”®^®+ concepts, as well as refine 
basis for further detailed planm'ng of a global 33el31i?3u°?a?i?3 3xper?Ln'ta 

the maj3r"g?ps^in'm3dI?3\l3bI?''h?dro3^ unlikely that all of 

billed. Thus, this oart nf tho chemical measurements could be 

experiment period. density program should continue through the 

near thrbottim!^of^Trs^(with"mid^ surface to 

least. Sampling for other variables ’ oxygen and nutrients at 

as appropriate and where feasible cLsidpr?n should be included 

should be taken at interva^f qene;^ ^'"'5 Bottle data 

the major features in water-mLs and densU^ st^Sc?ure define 

in reta^-a^d1n";L'r^add^^^•3na1■sa^^^^ ^’"-ent approaches 

The regions shown in Fig. 8 w3?e I3ta^ta3 ZtT, f PP^ertaken. 
as those most deficient in good quantity full (personal communication) 

nutrient measurements, ^ water column data, including complete 

could iinst 6ffectiveyy'"be fiUed by'^samp?inralono*a T^i 

sections that are suggested Fio Ql ® 1°P9 The 

Northern Hemisphere If there a?f>fwerdata thffr''°Th The Southern than in the 

or nearly so. This is not Lfafsl wl bf^^fve 3ffh oH™?,t- '’®-® n^ridional 

we oeneve such orientation is everywhere better. 
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The orientation of new sections should be determined Drinrinallu hw 
conjecture, or wish to learn about the flow fieTd: the^shou 
the flow; near the continental boundaries sections shniHH Kp nnvmai^?^^+I 
isobaths; in the interior they should bfr.MH^eriS?oLl to han^lP . 

iiiiiliiiiill 

h„ U"r:c“'.lc"S.S!;s, 5»*t!! ^ ;; 

and Wunsch (1982) in the new zonal section*: examined by Roemmich 

compare large-sc^e hySrography° ^draTd^nl^ 

ac^lThrNo;?h"%aci-?ir(fe^y1n’' fgssf and°t"^ ® ?^=tioS has bee^ ™d^ 

are punned Mong th'rGre^^l^cK^MeHdlan^nSIs 

P^rin^ ::cT?:n°s1o%\1i??= P ?senT Lig^f a^rpla^'ned^’-and^- 

Sr?^e"*sLs'ir?n^'';hUr?hey^?r:a^de^ir^^^^^^^^^^ 

seasonal and longer period varaiability (Schroeder and Stommel^, 1969)! ^ 

infomition regardurtSe^-pteTnl 1 d ’e!:! 

j airectiy. /^na n is possible that a measure of the vsriahiiitu n-r fho 
internal density field may be estinated directly by remote devices such L inverted 
Hvnamir^ii^^^V^^ acoustic tomography. Nevertheless, considering the number of 
d^?a? on if a1ii?vlliba? o ian T Tl^ in thi oceans! the jrotracted 

"£S ?; 
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(f'-om other measurements) show significant 
differences f . om what we see in our (imperfect) pictures of general flow. 

These measurements need not be carried out with CTD systems. That would inrrp;,co 

data'^Sh^rh number of ships and organizations able to contribute and provide 

data which is oversampled in the vertical relative to the need. Needed for reoeated 

sTac]n^^^]n"L°"verticaK^^" -asurements at eguivalanttdro^^t^' 

Technological developments which should be encouraged are fl) those which 

which w than is now'possibleld 2 ?hose 

^ allow sampling from vessels with minimal capability and by personnel 

wilTL^clLc^h^^J *^ept in mind, however, that such development* 

will be steps backward unless they produce T, S and density measures which scp nf 
quality equal to modern hydrographic stations! measures which are of 

bottom vessels with the capability to handle reliably top-to- 

th^P^npr^icf ? in all ocean depths. We have even fewer technical groups with 
fCTD nrnfllp^ complete suite of modern oceanographic station data 

( TD profiles with rosette water samples for salinity, oxyoen, nutrients etc ) 

capability, or more, will be needed to fill gaps in*the global 
coverage by complete oceanographic stations. Only by increasing the number of 

will it he possible also ?o 

sampling for time changes. It seems impractical to equip 
tn Hp^Pinn^t train groups to make complete modern stations, if it is feLible 
to develop technology to carry out rapid hydrography with minimal requirements. 

Svstems ' development by a team from Neil Brown Instrument 

fo^vario^s Lmn?inn JL reprogrammable 

^ml?i iphn^ I ® schemes and to have good precision, data retrieval via connectors 

in L computer and externally rechargable batteries. It is meant 

iH the svent of problems, rather than repaired at sea. Conceptually 
tho^a^ provides the capability of measuring density from most vessels having 

expertisr^'^A oara^T^'' Hpu Package - and with only minimal technical 

expertise. A parallel development by this group aims toward a free-fall vehicle 

in which the smart CTD could be deployed, feigns call for an instrument whi-ch 
could make a round trip to 5000 m in one-half hour, which could collect small water 
^mples for standardization and which could home on the surface vessel. Such develop- 
^nts could drastically reduce the time required for repeated trans-ocean sections as 
well as for regional density surveys and should be encouraged. However their use 
desired limited to situations in which chemical measurements *were not 


d Sub-experirrents to measure absolute flow. As part of WOCE, we may wish 
to select a region or section in which the absolute flow field is estimated, by 
a combination of direct and indirect techniques, perhaps using density and current 

Passage (Whitworth, submitted to J.P.O.). 

measuremlntr^°^ ^ comparison with surface currents estimated from remote^atellite 

dvnnmir ^nnlnU.nhl^f variation of surface to deep 

5a?iation?^arrpvn«^?"H® long-tenp spatial gradient and in which significant 

variations are expected over mesoscale time and space scales. A location fitting 

these criteria is a section extending from within a southern hemisphere subtropical 
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gyre southward across the Circumpolar Current. As we have seen fhp c.=i 
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Introduction 

Since the days of early .an, we have been awed by the Influence of 

the w,nd on the ocean. Han has fought the wind over the sea; Han has been 

fn..tened and hilled by the wind on the sea; Han has been fascinated by the 
effect of the wind on the sea. 

^ When the sea is flat and calm, it is a beautiful sight; when the sea 
IS foaming and boiling, it frightens the observer. 

particular, the wind and its oceanic consequences effects every activity 
Of man related to the sea. The wind creates waves on the sea; the wind 
dnves the ocean currents; the wind creates cold upwelled waters; the 
w.nd produces downward cascading bottom water; the wind mixes the heat of 

to their demise in warmer water. 

The Wind is not responsibile for all ocean movement. The sun pumps 
™re energy into tropical regions than high-latitude areas. This excess 
heat creates a'rculation patterns which redistributes the heat poleward 
However, it is highly possible that this is accomplished by altering the 
atmospheric wind patterns and, thereby letting the wind create the ocean 
circulation that is required to redistribute the excess tropical heat 
(O'Brien. J. J.. a. J. Busalacchi and J. Kindle. 1980; Ocean Hodels of 
El Nino, Chapter 7 in Resource Hanagement and Envirnom ental 
ed- M. H. Glantz, (Wiley & Sons, Inc.) pp. 159-212.) 

Man has always tried to measure the wind over the sea in order to 

anticipate its effect on oceanic activities We relv on 

iviLieb. we rely on measurements from 

continental and island stations as well as ship board measurements. All 
of us planning to go to sea inquire routinely of the wind and wave forecast. 
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We weigh the advice of the weather forecast and our desire to leave the 
shore. When at sea, we remain aware of the sky and the sea In order to 
have an early warning of changing weather. 

In sailing days, a good captain could read the sea and the sky and 
forecast the shift in the currents and the waves due to the wind. In 
tropical seas, he would forecast the presence of a hurricane hundreds of 
miles away by the strength and direction of the swell. Most wind measure- 
ments recorded in our data files are Beaufort wind estimates; these are 
given in Appendix A. 

Man has never been capable of mesuring the wind over an entire ocean 
on a regular basis. The number of ships at sea, islands and shore based 
stations have always been inadequate for the task. The meteorologists fore- 
cast the winds on the sea but these are not accurate due to poor starting 
data over the oceans for their models. 

It appears technically feasible to be able to measure surface winds 
from a satellite. In the suirener of 1978, NASA launched Seasat with several 
experimental instruments. Almost 100 days later after 1,502 orbits Seasat 
died. One of the instruments on board was a scatterometer. This radar 
instrument is capable of deducing estimates of the wind speed and direction 
in a ocean patch about 50 kilometers on a side. Wa are not quite sure how 
the instrument works. It sends a radar beam to the ocean and measures the 
amount of back-scattered radar energy. It is supposed to be measuring the 
amount of waves in the ocean patch. Capillary waves are the very small 
5-10 cm waves which ride on the back of the bigger waves. The premise is 
that the intensity, strength and quantity of these little waves are 
related to the wind speed at the same place and time. Some of the data 
from Seasat has been carefully examined by oceanographers and meteorologists 
and there is cautious agreement that the scatterometer is capable of 
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measuring wind speed in many weather situations to within 2 meters per 
second (Pius or minus 5 miles per hour). The wind scatterometer is also 
«pable- of measuring wind direction except it almost always has a 18o» bias- 
i.e.. It can t tell North from South or East from West. Most meteorologists 
can remove this bias from the data by looking at a standard satellite view 
Of the earth and noting the position of the storm centers^we need a few 
measurements of direction to unravel the rest. 

The workshop organizers asked for comments on some specific questions. 
Specific q uestinnc 

demonstrated^accuracy and^p-ecision^^^^ 

estimate the accuracy of co%uta^?Sn°Ind%^Srif^n1o^ sol^^S. 

The Seasat program demonstrated (Brown, 1982; Jones, et al . 1982) 
that accuracies of .2 ms’l or 10% in wind speed and *20 degrees in 
wind direction were achievable. A discussion of the Seasat wind para- 
meterization algorithm can be found in Wentz (1978), Jones, et al (1978) 
and Schroeder et al (1982). 

The NROSS scatterometer will have similar accuracies for wind speed 
and direction. Since it is very difficult to measure wind stress at sea 
It IS not planned to interpret the backscatter as wind stress even though 
this ,s highly desirable. Several viewgraphs (Appendix 8) show the 
proposed coverage and performance specifications. 

Since Wind stress is at least a quadratic function of wind speed, 
then a 10 percent error in wind speed will mean a 20 percent error or 
greater in wind stress, if there are no systematic bias in the measure- 
ments. we estimate that a monthly average one degree x one degree square 

would have at least 16 measurements which would reduce the error to 5 
percent. 
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It IS the opinion of the $3 coimittee that this global coverage will 

produce wind stress fields of an extremely useful nature for ocean circu 
lation studies. 




designs of future scatterometers what are the answers 


NROSS IS a single pol ar orbiting satellite. It, therefore, has a 
very poor sampling program in time and space. How bad we do not know! 
This is because we do not know the frequency-wavenumber spectrum of the 
surface wind stress field. A series of pictures in Appendix C shows the 
typical coverage for selected time periods. 


3) 




We expect NROSS to be launched in November 1988. No money is being 
allocated by JPL to learn how to build a good or better model function. 
It is not clear what steps the WOCE community should take to assist. 

In the author's opinion, the NROSS scatterometer will be more than 
adequate for WOCE but not for other physical oceanographic experiments. 


4) What do you see as the critical issues (e.g.. Does work need to be 

appropriate algorithms, or are there trade- 
off questions about space/time coverage etc.). 

The critical issue is "does a scatterometer measure wind or wind 

stress?" No resources are allocated to answer this issue. We believe 

that the direction ambiguity problem which plagued Seasat has been 

solved; i.e., unambiguous wind vectors can be estimated for wind speeds 

greater than 4 meters and less than 30 m/sec. At very high wind speeds, 

there is no reason to expect the scatterometer to work at all for many 


reasons. 


209 


If we can convince NASA to fly the s3 scatteron^ter and provide 
resources to analyze the data into gridded weather maps, we will make a 
giant leap forward in estimating the main forcing function for the ocean 
general circulation. Considerable discussions of all the issues is contained 
in the report which is available. 


References 


j Geophyr tes scatterometer as an anemometer, 

° Busalacchi and J. Kindle, lo80- Ocean 

3z_3efcM scatterometer winds. 

'^'""'tio3s‘^3f s?I?jst??sTrth*’°" "'''VEC: Computa- 

^s?e-is:;rF - 



210 


BEAUFORT WIND SCALES AND SEA DESCRIPTIONS 


Beaufort 

Scale 


Seaman’s 
description 
of wind 

Wind 

velocity 

knots 

Estimating wind velocities 
on sea 

International 
scale sea 
description 
and wave 
heights 

Inter- 
national 
code for 
state of 
sea 

Calm 

Less than 
1 knot 

Calm; sea like a mirror. 




1 Light air 1 to 3 Light air: 

knots 


ripples-no foam crests 


Light 

breeze 


3’ Gentle 
breeze 


Moderate 

breeze 


Fresh 

breeze 


Strong 

breeze 


High wind 
(Moderate 

galr) 


Gale 

(Fresh 

gale) 


9 Strong 
gale 


4 to 6 
knots 


Light breeze; small wavelets, 
crests have glassy appearance and 
do not break 


\nots° — large wavelets, 


22 to 27 
knots 


Knots crests begin to break. Scattered 
wni tecaps . 

Moderate breeze; small waves 
Knots becoming longer. Frequent 

whitecaps. 

‘='"®sza; moderate waves 
Knots taking a more pronounced long 

form; mainly whitecaps, some spray. 

''^'"3® waves begin 

Knots to form extensive whitecaps every- 
where, some spray. ^ 

28 to 33 Moderate gale; sea heaps up and 
White foam from breaking waves 
begins to be blown in streaks 
along the direction of the wind. 

34 to 40 Fresh gale; moderately high waves 
Of greater length; edges of crests 
break into spindrift. The foam is 
blown in well-marked streaks along 
the direction of the wind. 

41 to 47 Strong gale; high waves, dense 

Knots streaks of foam along the direc- 
tion of the wind. Spray may 
affect visibility. Sea begins 
to roll. 


Calm glassy 
0 


Rippled 1 

0 to 1 foot 


smooth 2 

1 to 2 feet 


Slight 
2 to 4 feet 


Moderate 
4 to 8 feet 


Rough 5 

8 to 13 feet 


very rough 
13 to 20 feet 


appendix a 


Beaufort 

Scale 


Seaman's Wind 

aescription velocity 
of wind knots 


Estimating wind velocities 
on sea 


10 


Whole 

gale 


48 to 55 
knots 


11 


12 


Storm 


56 to 63 


Hurricane 64 and above 


Whole gale; very high waves 
Thfc surface of the sea take; 

appearance. The 
InrfVh® becomes heav} 

storm; exceptionally high 
Small and medium- 
sized ships are lost to view 
long periods. 

with foam aria spray. Sea 
completely white with driv- 
ing spray; visibility verv 
seriously affected. 


International 
scale sea 
description 
end wave 
heights 


High 

20 to 30 feet 


Very high 
'30 to 45 feet 


Phenomenal 
over 45 feet 


Inter- 
national 
code for 
state of 
sea 


7 


8 


9 
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f . nross scatterometer 

S /NAVY MISSION REQUIREMENTS 


WIND SPEED ACCURACY 


WIND DIRECTION ACCURACY 


LOCATION ACCURACY 


s Ajavy 


FOR 3<U<30 h^/S, 

GREATER OF ±2 M/S OR ± J0% 
SYSTEM CAPAB ILITY TO 100 M/S 

FOR 3<U<30 M/S, 

90% OF ALL VECTOR 
SOLUTIONS CONSIST OF 
1 OR 2 ambiguities, 

-180 APART 

ONE OF THESE AMBUIGUITIES 
IS WITHIN ±20® OF 
the TRUE DIRECTION 

earth-gridded 

±50 KM ABSOLUTE 
^ 10 KM RELATIVE 


SYSTEM DESIGN COMMENTS 


U IS NEUTRAL 
STABILITY WIND 
at 19.5 M 

PERMISSABLE 
ANGULAR RANGE 
between 2-AMBIGUITY 
SOyjTIONS IS 
150® TO 210® 
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APPENDIX B 



^ NROSS SCATTEROMETER 

S'^/NAVY MISSION REQUIREMENTS 



214 


APPENDIX B 




NROSS SCATTEROMETER 

/NAVY MISSION REQUIREMENTS 



S^/NlAVY 

SYSTEM DESIGN COMMENTS 

• MISSION DURATION 

18 MONTHS " 
fNAVY: 36 MONTHS] 

18 MONTHS 

• DATA PROCESSING 

and delivery 

all OCEAN DATA 
PROCESSED IN 2-3 WEEKS 

RAW DATA ARCHIVED 

SYSTEM IN PLACE 
BEFORE LAUNCH 


MULTIPLE LEVELS 
OF PROCESSED 
DATA WILL BE 

archived 
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I • Background 

I will discuss these questions mostly from the perspective of a 
meteorologist, but I will try to interpret matters for their oceanographic 
context. We must first recognize what at first glance appears to be a 
major difference. This is that for meteorologists, the primary purpose 
of a large-scale analysis is to form the initial data for a numerical 
forecast. The usefulness of a long sequence of such analyses in describing 
the climatology or general circulation of the atmosphere is secondary. 

This is because for the atmosphere, the amount of data is sufficient that 
direct recourse to the data is generally sufficient for these last purposes. 
The title of this workshop, on the other hand, appears to place first 
priority on the climatological and general circulation aspects of oceanic 
analyses. This is understandable, for obvious reasons. But I think that 
even the contemplated new oceanic observing systems will be an incomplete 
data base by themselves to answer the complicated questions contained in 
the phrase "general circulation of the oceans". Prediction models will 
be needed to interpret and extend the usefulness of the data,. 

For some perspective on this I recently tried to estimate the amount 
of data that meteorologists have. I came up with the crude estimate that 
for every meaningful degree of freedom in a state-of-the-art atmospheric 
prediction model, we get between 50 and LOO observations every 4 days on 
the average. The largeness of this number suggests to me that it will not 
be matched by any proposed oceanographic systems. I therefore think 
that prediction models will become every bit as important for describing 
the circulation of the oceans as they are in the atmosphere for making 
weather forecasts. 

Let me begin with a simple ordering of analysis schemes, based on 
the way they approach different types of data. 
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X. Isolated 

Analyse data only when and where it is observed. 

II. Geographical blending with persistence (or climatology) 

In regions of no data, supplement I. with an earlier analysis. 
(Examples: Fugliater Atlas, Mode-I, current NOAA and DOD analyses 

of sea surface temperature*) 

III. Geographical blending with forecast. 

In regions of no data supplement I. with a forecast from the previous 
analysis. 

(Examples: Older analysis systems at NMC and other centers, previous 

to use of optimum interpolation techniques.) 

IV. Complete blending everywhere of data with forecasts from previous 
analyses. 

Must know statistical error properties of different kinds of data and 
of the forecast— “the error covariances of the forecast fields and of 
the observations ■ 

Options for the forecast error covariances: 

A. Fixed by a gross ensemble mean. (ECMWF) 

B. Fix the structure but vary the amplitude (variances) from place 
to place (NMC) according to the data density in the preceding 
analysis. 

C. Predict the forecast error covariance using the model equations. 
(The Kalman filter approach). 

Meteorological centers are making tentative steps towards seeing 
whether it makes sense to leave system IV. B and explore the expensive 
(but dangerous) promises of the Kalman approach. I believe it will be a 
long time however, before we are able to do this reliably. The basic 
techniques have been recently outlined for oceanographers by Michael Ghil 


■l 
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and his coworkers (Ghil. eC al., 1982), so I will concentrate Instead on 
the more elementary methods in group IV. 

2. Optimum Interpolation 

This technique, originally Introduced to meteorology by A. Eliassen 
and L. Gandin, is based on a linear correction to the forecast state. 

Let ^ Fand ^ denote the analyzed, forecast, and data values. Let 
subscript k denote an analysis variable and its location, and let 

subscript p (or q) denote an observation variable and its location. The 
correction method is 

. ( 1 ) 

r 

The analysis weights X are of course important. Let lower case letters 
denote the errors: 

O*- » ft F“ ^ (tmj) \>lCUt/) 

^ / 

^ (Uu/)- \>(Cucf) ^ ( 2 ) 

Equation (1) then becomes ^ 

'^1-' -fi *■ f 


:ii-aoQ rs 

1- 1 


( 3 ) 


One nojf^sks that such that the expected value of CL^ , denoted 

by ^ , be a minimum. The usual least-squares procedure gives the desired 

formula: fl®/ - ■ — — v-J ____ 

i f -fVf ) . 


w 


To calculate the weights, we must therefore know the observational 
error covariances . the forecast error covariances 

and Che mixed error covari^es . The most inaccessible of these 

is the mixed covariance, -fi/ . It is customary in meteorological practice 
to ignore these, although not always with justification. It is a 
good assumption when the observations are radiosondes, but it is less 
good when the observations are from remote sensors (e.g. satellite 




226 


temperatures), since these tend to have errors that are correlated with 
properties of the atmosphere. I believe this will be a delicate matter 
in the proposed oceanographic remote measurements. 

Meteorologists by now have some experience with the forecast error 
covariance produced by their forecast models, at least in ‘regions of good 
data. The practice is to collect a seasonal sample of the differences 
, for 12-hour forecasts. One can then write 

- Vi 

For radiosondes, one nan assume that Is zero except when q and p 

refer to the same radiosonde ascent. Under these ideal conditions. tiL/ 
can he estimated by examining the behavior of (5) as points q and p 
approach zero horizontal separation. ^ 

If we neglect the mixed error covariance, the analysis equations (1) 
and (3) can be written as 

Vf ; 

b y substitution o f (4) for the weights . („ the matrix 


iResults typically show (in middle latitudes) that -f ^ is reasonably 

isotropic with res|r^t to horizontal coordinates, when and 

refer to the same type of variable. The error covariances are alao more, 
or-less geostrophic in nature. Ghll and co-authors, however, have shown 
from the Kalman filter approach that a noticeable non-isotropy can exist 
in regions where the data density changes markedly (Ghll. et al.. 1981). 


227 


The important role of Che flrac-goeas error eovarianee matrix is 
Chat It exerts a powerful filtering role in the analysis equation (6) 
(Phillips. 1982). Suppose that we are able to define a set of complete 
orthogonal eigenvectors g that can represent all variables on the 

analysis grid. Any particular realization of forecast er;ors can then be 
expressed as a sum of these eigenvectors: 

i ' 5T € tt <’> 

(This sum need not Include all ei'genvectors. if we wish.) The forecast 


error covariance raatrtx can the^ formally be expressed as 

If we now substitute this expression into (6). we get, symbolically, 


( 8 ) 


^ ^ ^ t 

This shows that Che change from the forecast field to Che analyzed field 
is a linear function of the eigenvectors Chat we allowed to be 

included in the sum (7). The eigenvectors will differ between themselves 
in respect to their three-dimensional spatial scale. (7) therefore allows 
us CO select the wavelengths we wish Co include in Che analysis. This 
property of an interpolation matrix was appreciated even in the early 
days of the MODE— I experiment. 

An even more interesting aspect of this comes to light, however, if „a 
are able to organize the eigenvectors on a dynamical basis. Suppose, for 
example, that part of the set consists of mass and current 

fields that represent gravity waves, while the remaining represent essentially 
Rossby waves. If „e only allowed the Rossby eigenvectors into Che formal 
structure of the covariance matrix, we are assured that the resulting 
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changes to Che forecast field caused by our analysis method will 
automatically possess the quasi-geostrophic and quasi-nondivergent 
properties of the Rossby eigenfunctions. The algebra associated with 
this will be more complicated in the oceans, since the eigenfunctions 
will not have the property of the atmospheric system — that they can be 
translated in longitude. The ability to guide the analysis scheme in 
this dynamically meaningfully way must surely be exploited, however. 

These filtering attributes of the forecast error covariance of course 
have a reverse side: careless specification of 

systematic bias in the final product. 

3. Initialization 

Oceanic analysis systems and forecast models with any pretext of 
being "global" must treat the equatorial regions. They must also treat 
different types of geostrophic motion — both the medium scale eddies in 
which the variability of the Coriolis parameter is a first-order effect, 
and the basin-scale motions in which the beta effect enters at zero order. 

This seems to require that the primitive equations must form the basis of 
any serious oceanic data assimilation forecast model. Purely geostrophic 
flow is however not an adequate initial state for a forecast model of 
this type, even if the bulk of the motions in the ocean are geostrophic. 

Use of the initialization method developed by Baer and by Machenhauer 
(see references in the review article by Daley, 1981) will be advisable 
for the ocean model just as it is for atmospheric data assimilation 
models. According to the rationale developed by Baer, one first considers 
the equations of motion written in terms of the solutions of the linearized 
forecast model equations. These can be dividied into the "fast" gravity modes, 




f 


may produce 
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with amplitudes deuoted by F. and the slow Rossby modes, whose amplitudes 
we denote by S. The basic observation (by Machenhauer) Is that the 
observed atmospheric field, although containing non-zero projections onto 
the linear fast modes, evidently Is such that these fast mode components 
do not have a time scale as fast as their frequencies would suggest. 

Instead they change with time at the same slow rate as the Rossby mode 

components. They must therefore be "forced", so to speak, by the non-linear 
interactions of the Rossby modes. 

If the equations of motion are written in modal form, the equation 
for a particular fast mode amplitude, F, would be 

(f . A/i F ) 


The operator (f^. is a projection of the non-linear tendencies NL onto this 
fast mode eigenfunction. The leading approximations In the Baer theory are 


and 



( 11 ) 


0 ) 


F ^ — (P^’Ni (S^o), 




( 12 ) 


This concept is proving extremely useful In current meteorological 
practice, because It extends to global scales the earlier Ideas of 
Initialization based on the quasl-geostrophic model of extratroplcal 

latitudes. C. Leith (1980) has provided a useful plcturlzation of this 
process in his "slow-manifold" diagram (Fig. 1), 

Application to the ocean will of course be greatly complicated by 
the effect of bathymetry and continental boundaries on the normal modes 


The slow manifold diagram of Leith. From an analysed field 
at point A containing only slow modes S, the normal mode 
initialization procedure of Baer derives the fast modes F to 
arrive at the initialized state I on the manifold. The model 
forecast will then remain on the slow manifold. 


i 


Of .He U„ea. e,ua«one. .He coeven.en. se.f-ae..oe fo. .He e.^eepHe.e 
tha. .He linear elgenfunc.inns can be .ransla.ed In longl.nde „lu be 
onaccep.able. and .He elgenvec.o.a „ 1 U be .are ccpllca.ed. Ann.He. 
difference „ay occur wi.H reapec. .o .He surface frlc.ion layer. In .be 
a.™ospHere „e see„ .o ge. by reasonably uell by Ignoring frlc.ion In .He 
e.ua.lons .Ha. define .He elgenvec.ors . L. no. so sure .Ha. .His ulU 
be sa.lsfac.ory for .He ocean. wHere .He upper EH.an layer Is a vl.al 
link in .be .cans by which large-scale ocean oo.ions are driven. 

Rela.ive Usefulness of Curren. and Mass Measuren.en.s 
I ™uld like .o close with a stapler eKa^ple of .he principles of 
large-scale geos.ropHlc analysis, one .Ha. .Igb. be useful In considering 
.ae rela.lve e.pbasls .o be placed on curren. „easure.en.s and on 

-be... let us taaglne .Ha. we Have .easure.en.s of Horlaon.al current. 

or . and measurements of free surface heigh, i w 

neignc, ^^for a barocropic ocean 

containing quasi-geooCrophic eddies. j 

Which observing system is giving us 

the most information? The var^arinnai i 

variational analysis technique developed by Sasa 

(1958) can be used to answer this. 

Lb. and be .he observed field a. one instant. We denote 

.He deslted analysed flalds by gnd.^.. without .He subscripts. We 

“Ish to fit the data In an effective way by minimizing the area integral 

A/\ . ^, 3 , 

^ and^are positive w^ . be chosen most effectively. Sasaki 

suggested using the geostrophic relation a ^ • 

H c relation as a constraint for this 

variational problem. 


- (l/f }-4 y vX 
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If Chis is introduced into (13), and we ask that be such that (13) is a 
rainiraum with respect to any other field ^ the variational calculus then 


yields the following differential equation for this optimum solution*. 


_L vll 




Qm.. 




A 




(15) 


It is reasonable to assume that the true fields are related 
geostrophically, as well. Equation (15) then applies equally well to the 
error fields 

X- Xrtnu)^ 

Atr^CUu)^ 


Informative solutions are obtained readily by inserting a trigonometric 
plan form for the variables, say, exp i ( X • ^ ). The solution for the 
analysis error for this single realization and single wave number 

then has the symbolic form 


SA ( ^ 


J 




(17) 


We square this expression, take its horizontal average, and also take its 
average value over an ensemble of many realizations. If all observations 
have uncorrelated errors, the choices for the weights and 

that minimize ^ > can then be determined. They are 


- 


I 


I 










(18) 


fi ' ■ # 

When these values are inserted, the final result for this wave length can 


be expressed as 


S A '> 
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Clean,, aeeurate height oeasure.enhs ate ™osh uaefel lot large hotlaonhal 

wave lengths, whereas aecnrate euttent ™easute»a„ta ate ™ost usefnl at 
short wave lengths. 

Sc„e n»etlnal values .a, he of Interest. The following list gives 

hypothetical current measurement errors that, at 40 degrees latitude. 

Vlll contribute as much to analysis accuracy as 

/OX& accuracy as height measurements that 

have an error of 1 era. 

Vz. 


i X f ^ 

< > 

10 (kni) 

87 (cm/sec) 

50 

17 

100 

8.7 

1000 

0.87 


current measurements with an rms vector ^ 1 . 3 s than the Indicated 

amount are more valuable than measurements of the free surface height 
With an error of I cm. 

Similar analyses are of course possible for comparing measurements 
of vertical current shear with density measurements. An important facet 
however. 1 „ this simple approach is to he careful of the actual observation 
rror structure if the errors are correlated in space (Phillips, 1981). 

This Will be especially necessary for remote systems, whose errors tend 

to have the structure of the ffp 1 d« i 

fields themselves, instead of being random 
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TRACERS AiJD MODELING 


t»y J»L. Sarmiento 


1. Introduction 

The last decade has seen a burgeoning of tracer nradeling 
efforts and of the data availanle for .odel vaiiaation. I ahall 
atte.pt to identify' patterns .ithin these developn^nts that grve 
indicatrons of L.portant directions that will be taken in the 
next decade. This will lead to recomations of activities 
that could be undertaken within the context of a World Ocean 
Circulation Experiment (WOCE, to further the important goals of 
improving our understanding of oceanic general circulation as 
well as biogeocnetnical cycling within the oceans. 

Tracer .models can he classified as diagnostic or predictive. 
woulQ include in tne diagnostic category any .-nodals that 
attempt to infer from data so.mething about spreading or exchange 
rates, or biological and/or chemical processes. A simple box 
model whicn conserves tracer and has no dyna.-nic constraints would 
he Classified as diagnostic, as would far more complex .models 
which do include same form of dynamic constraints. Predictive 
tracer .models can focus on using tracers to study physical 
processes or to study chemical and biological processes. 

The following section discusses the use of both diagnostic 
and predictive tracer models to study physical processes. The 
section after that discusses progress and future directions in 
the study Of biogeocnemical cycling. This is an area where 
important progress is being made at the present time, and one in 
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which a properly conceived WOCE could make a substantial 
contribution without going outside its central goals. A third 
section discusses tracers and future plans of tracer measurement 
efforts sucn as the Transient Tracers in the Oceans Project 
(TTO) . A final section su.nmarizes recommendations. 

2. Tracer Modeling and Ocean Circulation 

Tracer data have contributed to our understanding of ocean 
circulation primarily tnrough a broad range of diagnostic 
techniques. Most of what we know today about the major features 
and time scales of oceanic general circulation derives from 
descriptive studies and geostrophic and box model calculations 
based on imeasurements of tracers such as salt, temperature, 
oxygen, and carbon-14. 

The major advances that have taken place in diagnostic 
techniques over the past few years are due to three things: 

(1) A great improvement in the quality and quantity of data 
available for such studies. Measurement techniques have improved 
greatly. A number of relatively new tracers have become 
accessible, partly througn the improvement in measurement 
techniques, and partly through the introduction of new tracers 
into nature by homo tests and industrial releases. The spatial 
and temporal resolution of high quality measurements has also 
improved greatly due to programs like GEOSE.CS and TTO, 

(2) The development of new dynamic approximations, such as 
the Beta-spiral (Stommel and Schott, 1977), that no longer have 
the reference level problem of the geostrophic method. 
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(3) The introduction of techniques for solving 
underdetermined systems of equations (Wunsch, 1973) . Such 
systems usually arise when one attempts to limit the assumptions 
being made in using data to infer spreading and exchange. 

Much Of the development of new Inversion techniques has 
focussed on calculating the transport of properties across coast 
to coast sections (the techniques ere, of course, not limited to 
such applications) . one can use the transport rates thus 
obtained to estimate water mass conversion rates between 
sections, but these types of calculations are less revealing 
about local flow and mixing fields. 

In order to obtain the local flow fields one needs to have 
some idea of the local tracer distribution. One way to use such 
data is in conjunction with local solutions to the equations of 
motion, such as the Beta-spiral. These solutions can be applied 
throughout the domain of interest. This requires a data set 
detailed enough to be able to calculate local derivatives of the 
tracer fields. olbers et al. (1982) have used the Beta-spiral 
technique to estimate the Worth Atlantic circulation with the 
Levitus GFDL data set. There is no reason, in principle, why more 
complex dynamics cannot be used in such calculations, indeed. 
Appendix 1 describes a technique we have been thinking about at 
Princeton that uses only tracer conservation equations to obtain 
a solution for the flow and mixing fields and thus avoids malting 

any assumptions about the dynamics at all, 

The further development of inversion techniques will almost 
certainly continue, particularly if tne insatiable appetite of 
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such techniques for high quality data is fed by WOCE and other 
related studies. There are a number of important points that 
should be considered in deciding what types of data will be most 
useful: 

(1) The inversions whicn make use of local solutions to the 
equations require a knowledge* of the local structure of the 
tracer field. The zonal and meridional sections planned by W(XE 
will not necessarily give this information, A carefully thought 
out series of combined mapping and modeling exercises should make 
it possiole to be fairly specific about the measurement 
resolution required in different regions of the ocean, 

(2) Tracer fields vary on short time scales (order < 1 year) 
due to eddies, seasonal fluctuations, and other siTtaller scale 
processes. They vary on climatic time scales due to variations in 
the forcing conditions at the surface of the ocean. A single 
realization of a tracer field gives little idea of time 
variability, but can still be used in inverse calculations in a 
variety of ways. One is by ignoring long time scale changes and 
by objectively smoothing the short term variability. The 
techniques for doing this exist and can be further developed. It 
should be possible to use the NODC data set to get some further 
idea of the variability (e.g., Dantzler, 157?). I believe, 
however, that a few carefully chosen monitoring stations should 

be initiated (or continued) for measuring directly the shorter as 
well as the -longer time scale variability over a period of many 
years. 

(3) A list of tracers that could conceivably be measured as 
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part of a WOCE program is discussed below. The discussion in 
that section and in Appendix 1 supports my view that we should 
seek to obtain measurements of as many tracers as possible amongst 
those that can be shown to have orthogonal distributions in the 
oceans and a large enough signal to noise ratio. £ach additional 

such tracer places strong constraints on inverse calculations. It 
IS worth noting that the transient tracers are difficult to work 
with in inverse calculations. One requires repeated measurements 
to be able to estimate ^ C/^t. 

The other way in which tracer data have been used in 
improving our knowledge of ocean circulation is as a means for 
validating predictive circulation models. The types of models 
that have been developed for predictive ■ studies and probable 
directions for future aevelopments are discussed in the technical 
paper by Haidvogel and Holland. Tracer studies that have been 
done .range from abyssal circulation models using the Stommel 
"tour-de-force" approach, to more recent studies using primitive 
equation non-eddy resolving models and quasi-geostrophic, 
non- thermohaline, eddy-resolving models. The likely direction 
for future development of predictive models is eddy-resolving 
rnodols with thermohaline forcing. 


Tracer.^ are proving of great importance in these studies as 
measures of the dispersion effected by eddies, " of vertical ' : 
penetration from the Surface, and of long ^time scale horizontal' 
spreading. Tracers help to identify what types of approximations 
make sense in such models as well as challenging the modelers by 
raising questions about newly ooserved features. 


One Of the most difficult problems that needs to be further 
overcome in using tracers for predictive modeling studies is an 
improvement of our understanding of their boundary conditions, 
satellite observations will help greatly with temperature. 
Evaporation-precipitation remains a problem. Broecker speaks to 
the issue Of determining boundary conditions for the biologically 
utilized substances in his technical report (see also below). 
Various efforts have been or are being undertaken by geochemists 
to determine appropriate boundary conditions for gases such as 
oxygen and carbon dioxide and for some of the anthropogenic 
tracers. The major contributions that WOCE can make to improving 
our knowledge of boundary conditions is with satellite 
observations of temperature, and possibly moisture content-; and, 
if possible, by carrying out some of Broecker's suggestions for 
sediment trap mooring and benthic chamber studies of nutrient 


3. Tracer Modeling and Biogeoche.nical Cycling 

until recently, models of the biologically utilized tracers 
hsve been constrained, largely through ignorance, to rather 
simple assumptions about the nature of biological and chemical 
processes. Thus, typically, we have assumed that respiration ;nc 
or chemical reactions are either constant with depth: or ^decrease: 
exponentially. The last few years have seen an explosion of ' 
knowledge in this field due primarily to water column sediment : 
trap research and studies of the flux of materials out of the . 
sediments, iiign quality observations such as those of GEOSECS 


ana rro are also playing an important role. i beu,,, ,,,, 
are on the threshoia of being able to bevelop realistic „„bels of 
brologrcal and chemical cycling based on a real understanding of 
the mechanisms and time scales involved. 

such an achievement would be of great value both because of 
tne great need we have for understanding biological and chemical 
ses per se, ana oecause it would make possible a more 
unambiguous utilization of tracers like the nutrients for ' 
circulation studies. 

one Of the important areas of concern in the prediction of 
future Climate is the level of carbon dioxide in the atmosphere. 
The level of atmospheric carbon dioxide as well as the oceanic 
oxygen content are strongly driven by the cycling of nutrients 
wxth.n the ocean. The prediction of future carbon dioxide levels 
in the atmosphere will ultimately require a detailed 
understanding of how nutrients are recycled within the ocean. 

W-OCE can make an important contribution to this effort by 
complementing the TTO program in providing detailed measurements 
Of water colu>mn properties, as discussed in the next section. 


4. Data 


Table 1 summarizes important tracers that are being measured 
n a fairly routine basis as part of the TTO Program. The 

conservative tracers are unaffected by biological and chemical 
processes. The starred tracers need large water volumes (’lub 
liters) to be measured. The half-lives of radioisotopes are 

given in parentheses. i will ri-je 

will briefly discuss only tracers that 
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are less likely to be familiar to non-geochemists. 

Kadium-228 and radium-226 come from sediments and, to a 
limited extent, from rivers. Radium-226 is being measured 
primarily because it is needed for the radium-228 measurement. 
The data available to date shows that the signal to noise ratio 
Of radium-226 is not great enough to justify a .major measurement 
effort. Radium-228 originates in shelf and deep ocean sedi.ments 
and, because of its short half-life, has great potential as a 
tracer of thermocline ventilation and deep ocean mixing and 

transport processes. Its input is orthogonal to that of 

temperature, salinity, and the transient tracers, all of which 
originate at the surface, its half-life is long enough that it 
may be involved in a significant «ount of biological cycling. 
This, and the fact that we do not know its source function very 
well, complicates its use as a tracer. 

Argon-39 is produced by cosmic radiation in the atmosphere. 
In this respect, it is similar to natural carbon-14, its 
half-life .takes it of very great interest, but measurements are 
extre.mely difficult to obtain, requiring of the order of 1 B 00 
liters of water and counting ti.mes of the order of 1 montn. 

Krypton-85 is considered to be somewhat si.v.ilar to the freons 
in that it is anthropogenic (it is produced by nuclear reactors) 
and .has been increasing exponentially with time, it also requires 
large volumes of water to measure. 

cesium-137 was produced by bomb tests and has a similar time 
history as tritium. Cesiu.-n-137 is also now being released by 
nuclear reprocessing plants, primarily at hindscale in the United 


Kln,d... ,U. 

tt. E».„.. „„t „a i, „™ p.„.„„i„ 

Of Iceland. 

Worldwide measurements of all thesf^ t-r-, 

axx these tracers except Argon-39, 

Krypton-85, and freons, were obtain,.,! 

were obtained primarily along nortn-sooth 

sections by the GEOSECS program daring the 1978's. The TTO 

Program is now repeating the measurements, partly to study the 

evolution of the anthropogenic tracers through time, and oartly 

to provide the third (tonal, dimension that was only marginally 

covered by CEOSECS. Pi.ore 1 snows the locations of stations 

easurements of the TTO tracers have been obtained during 

the past 3 years. Ei,..e 2 gives locations of stations planned 

for the south Atlantic during 1984-1986. The plans of TTO beyond 

the south Atlantic study are not settled as yet It now 

* it now appears 

-t the Ftench will be running a TTO style program in the Indian 

Ocean for 3 months a year during 1984-1936. The logical next 

area for TTO to continue its work would thus be the Pacific 
Ocean. 

^ What tracers should be n^asured as part of a .OCE ProgramT 
The following are important considerations: 

(1) Which tracers provide useful additional information 

relative to the others? I shall speak to this below. 

(2) What, measurement resolution is desired, and to what 
extent is this resolution already being provided by TTO? i 
believe that this matter shoulo be addressed by a 
modeling/mapping group that should be set up for this purpose. 

(3) Ease Of measurement. Argon-39 is impractical for a WOCE 
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type program, and all the tracers requiring large water volumes 
are difficult. It will probably be necessary for the TTO ProgratTi 
to continue to have major responsibility for these measurements, 
though a close coordination of efforts in the Pacific would 
probably result in considerable savings. 

The primary criteria for deciding which tracers provide 
additional information relative to others is orthogonality of 
distribution and, for non-stable and/or non-conservative tracers, 
whether or not they either provide a time-clock or information 
about chemical anc/or biological processes that is important to 

- Appendix 1 discusses one way of using tracers that 
Illustrates how one can use a variety of tracers to constrain 
what the mixing and flow fields have to be. The rigorous way to 
estimate Uie degree of orthogonality is to calculate the Jacobian 
of one tracer with respect to another. We plan on calculating 
this along with error estimates using the TTO data set in the 
North Atlantic, One can gain an initial impression of the 
orthogonality by discussing source functions and studying 
property-property plots. i will discuss each of the tracers in 
Table 1 in turn. 

The boundary conditions for temperature and salinity are 
well known. Property-property plots of these tracers in tne 
GEOSECS Atlases show that, within error, temperature and salinity 
are easily able to separate water samples taken in the upper 
ocean. Even in the deep ocean, the measurement precision is 
great enough to separate most water samples. These are the only 
two stable conservative tracers: (ignoring geothermal heating. 
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which may be quite significant in the sluggish deep Pacific) . 

Phosphate and nitrate are linearly correlated with each 
other, though their distributions are quite different from that of 
temperature and salinity. Their surface boundary conditions are 
determined by biological upta)ce, which is relatively independent 
of temperature and salinity. Their distributions are nearly 
identical because the biological processes of fixation (at the 
surface) and respiration (important in the interior, act on both 
of them in the same way; the Redfield ratio of nitrate to 
Phosphate in organisms is nearly constant everywhere. However, 

If one looks at the distribution of these two tracers in more 
detail, one finds many regions where there is an important signal 
in one tracer relative to the other. Nitrate is involved in an 
additional set of reactions, nitrification-denitrification, which 
does not affect phosphate. 

.Phosphate and nitrate thus can yield information about 
respiration rates (J^ ) and denitrification rates (J_j ) in the 
interior (see Table 1) . if ^re able to estimate J or d by 
techniques sucn as sediment traps, these two tracers will gL us 
a measure of time. These tracers can also be used as 
conservative tracers by eliminating by using the apparent 
oxygen utilisation rate (Saturation oxygen level calculated from 
the Potenrial temperature minus the observed oxygen). Oxygen is 
also involved in respiration and is utilizeo by organisms in a 
relatively constant proportion to pnosphate and nitrate. One can 
use the oxygen correction to calculate the nutrient content the 
water had when it left the surface. These values for preformed 
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nitrate and phosphate will not be correlated with temperature or 
salinity^ though they will be correlated with each other to the 
extent that their Redfield ratio is everywhere constant, and none 
of the nitrate reactions are occuring. 

Alkalinity and total carbon can be used in combination with 
the nutrients to obtain , the dissolution of calcium carbonate 
in the water column. Total carbon and alkalinity provide 
information which is independent of salinity. However, the 
measurements are difficult to make and have low precision so that 
they are not particularly useful as conservative tracers in the 
same form as preformed phosphate or nitrate. 

Silica provides information on , the dissolution of 
silica in the water column. There is no tracer that can be used 
in combination with silica to give a conservative tracer. 

Unless we can get an independent estimate of the J's, none 
of the foregoing tracers will give us a direct measure of time 
history. That is the role of the naturally occuring radioisotopes 
and the anthropogenic tracers. The most valuable of the naturally 
occuring radioisotopes is carbon-14. Measurement precision of 
radiocarbon is equivalent to a time resolution of 20 to 30 years. 
This is too long to be of much use in the upper ocean where, in 
any case, the contamination by bomb-produced radiocarbon is very 
great. Radium-228 has a measurement precision equivalent to a 
time resolution of approximately 6 months. It has great 
potential, but is not yet proven. Its complicated source function 
and possible involvement in biological cycling may make its use 
difficult. 
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The anthropogenic tracers provide extremely important 
resolution of a few years for exchange between the surface and 
interior waters. The different time histories of inputs of 
tracers like the freons (exponentially increasing) and tritium (a 
pulse) make these tracers useful in combination with each other. 
The tritium/nelium-3 pair is unique in providing a dating 
technique precise to about 1 month. The interpretation of this 
date is a.mbiguous in the presence of diffusion, particularly where 
tne parent has not yet achieved a steady distribution. 


5, SumiTiary of RecoiTiiTiendations 

I have three major recommendations: 

(1) A roodeling/data mapping group should be set up to 
consider in detail the measurement resolution that would best 
serve the needs of the diagnostic and predictive tracer modelers. 

•(2) All the tracers shown in Table 1 would contribute to the 

goals of a woo: program. There needs to be a close coordination 

of the TTO Program with WOCE in order to optimize resources and 

obtain the measurement resolution recommended by the modeling/data 
mapping group, 

(3) The problem of determining surface ocean boundary’ 
conditions is as important for nutrient and other tracer balances, 
as it is for heat and water balances. There are important 
contributions that can be made in this area by satellite 
observations of physical (e.g., wind speed, whicn affects gas 
exchange) and biological (e.g., color, which may be relatable to 
productivity) surface ocean properties. The use of satellite data 
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will require an improvement of our understanding of the 
fundamental relationships between the measured properties and the 
processes we wish to quantify. This is an area which needs to be 

looked at more carefully, probably by a series of process oriented 
studies. 
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Table 1 

Chemical Tracers of Ocean Circulati 


on 


Stable 

Tracers 


Conservative 

Temperature 

Salt 


Non-Conservative Source/Sink 

Oxygen (respiration) 

Phosphate jl 

Nitrate (denitri- 

Silicate J3 (5^32 dissolu-^ 

Total Carbon (C/#i),Jci + J4 (CaC03°"^ 

Alkalinity 3.34 ‘^i==°l“tion) 


Naturally 
Occuring 
Radi oiso topes 


Anthropogenic 

Tracers 


* Radium-228 (tl/2 = 6 yrs) 

* Argon-39 (tl/2 = 270 yrs) 


(Ra/«';0,).T3 C?) 


carbon-14 (tl/2 = 5730 yrsj^Jl + 34 
Radium-226 (tl/2 = 1600 yrsf ‘''I3 'V?) 


Tritium/Helium-3 (tl/2 = 12^4 yrs) 

* Carbon-14 

* Cesium-137 (tl/2 = 30 yrs) 

* Krypton-85 (tl/2 = H yrs) 
Halocarbons 

Total Carbon 


Bombs 

(C-*H 

Bombs +^Ji + J4 

Bombs and nuclear 
fuel reprocessing 

Nuclear reactors 
Industry 

Industry +^Ji + j4 


* Require large volume sampling (approximately 300 liters). 
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Appendix 1 

Calculation of Velocity and Mixing Coefficients 
through Siniultaneous Use of Tracers 

M. Kawase {Princeton University) 


Below I describe a method for calculating the velocity and 

mixing coefficients in the ocean by simultaneously using several 

tracers. The technique bears similarities to that developed by 

Booth and Ostlund (1972) . The essence of the method lies in using 

some of the steady state tracer fields as spatial coordinates,' and 

in transforming other tracer fields to this set of coordinates, 

thus eliminating the advection terms in the tracer conservation 

equations. The equations are derived in geodesic coordinates, 

though there is no reason why they could_,not also be derived in 
• i. ... Os-H\t>v.dL 

ensity coorainatas (e.g., Rooth Fin^, 19Sa ) . 

Assume we have three conservative, steady state tracers ^ 
Y , which are independent of each other (in the sense that their 
Jacobian does not vanish) in a certain region of the ocean. 

Assume, also, that we have non-conservative steady state tracers 

^11 , <1 , . . . with decay terms 7, , 7,^ Tne equations of 

tracer conservation are 


9 ( 


a 


Pk fc 

CK 


.1) > ^ 


(a> 


n 




Cv 
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' VC^ + Tl s V„(K Cl) + Ch 



Thus, if we have tv^o tracers whose decay terms are known (for 


example, radioactively decaying), v;e can in principle calculate 
local K and D, This in turn enables us to calculate the velocity 
components and J 's which . are not knovm. Even if we do not know 
completely any of the J terms, we can obtain some information 
about K and D if we can place bounds on the J terms. 

It is possible to include time-dependent (transient) tracers 
in S, provided that we know the local tendency of the tracer. 

It simply gives an additional term the LHS of equation 

5. Use of time dependent tracers for the. coordinate tracers is - ' 
not recoitifr, ended since this requires the, calculation of tracer 

tendencies at fixed ( Y) points (which will be moving in ^ ^ 
real space) . 

In order for this metnod to be succesful, we must have at 
least three independent tracers (or two if tne problem is solveo 
on isopycnal surfaces) . Moreover, since we make use of tne second 


derivatives of one tracer field with respect to 
tracer fields should be reasonably smooth. 


another. 


the 
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' Chemical Tracer Measurements*- * - 

R, P. Weiss ■ 

Scripps Institution of Oceanography 
University of California^ San Diego 
La Jolla, California 92093 

Xatroduction 

Despite the best of intentions, the inclusion of a useful 
range of geochemical tracer studies in a World Ocean Circulation 
Experiment^ can be a massive logistic undertaking. To decide which 
tracers should best be included in such an experiment, one must 
balance potential scientific usefulness against a number of prac- 
tical considerations. Does the tracer vary independently from 
other measured tracers, and does it vary on a spatial or temporal 
scale which is useful for the region of the ocean being studied? 
Are the complications associated with defining the source function 
or evaluating in SitU chemical or biological interactions tract- 
able? What amount of water is required for an analysis, and is 
there a need for special samplers or sampling procedures? Can the 
measurements be made at sea, and if so, what is the number of 
analysts and the amount of laboratory space required? what is the 
dynamic range of the tracer — that is, what is the range of 
expected variation divided by the measurement precision? How 
rapidly can the measurements be made, and at what cost, consider- 
ing present limitations in equipment and trained personnel? For 
tracers which are not at steady state, how frequently should meas- 
urements be repeated? 

These problems are familiar to geochemists who have been 
engaged in large scale global tracer studies. Even with the 
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largest vessels in the academic fleet, logistic considerations 
have forced severe limitations in the number of tracers studied 
and in the density with which these could be sampled. Thus, while 
there is broad support for closer integration of this work with 
physical oceanographic studies, i do not believe there is a con- 
sensus regarding the best way to carry this out. Characteristics 
of some of the more useful tracer measurements are listed below, 
followed by some recommendations for their integration into WOCE. 

Oxygen Nutrien^p 

These chemical measurements have become a routine part of 
large-scale circulation studies, and -their incorporation into WOCE 
need not be defended here. However, with the possible exception 
of salinity, their accurate measurement cannot be taken for 
granted. Routine oxygen measurements are still carried out by 
manual colorimetric titration with visual endpoint detection, and 
the accuracy and precision of the results is dependent on the 
akill and judgement of the operator. There is room for signifi- 
cant improvement here, such as by automation of the titration with 
colorimetric endpoint detection. There is also a potential for 
improvements in oxygen sampling techniques to reduce the possibil- 
ity Of atmospheric contamination, while nitrate, phosphate and 
silicate are now generally measured by automated colorimetry 
(Autoanalyzer) , the results are still dependent on factors which 
are difficult to control adequately, such as temperature and 
reagent quality. The reliability of these measurements could be 
improved significantly by use of improved automatic colorimetry 
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equipment in which these variables are more closely controlled, or 

perhaps by use 'of recently developed techniques in automated pre- 
cision ion chromatography. 

Md i ocarhop ths. carbonate systf^m 

Much of what geochemists have learned about large-scale ocean 
circulation has come from the study of radiocarbon distribu- 

tions. In the deep basins at low and mid latitudes distribu- 
tions are dominated by the decay (mean life B200 y) of cosmic 
ray-produced radiocarbon, and in shallow and high latitude waters 
distributions are dominated by the injection of radiocarbon 
produced by atmospheric testing of thermonuclear weapons. Surface 

water radiocarbon equilibrates with the atmosphere on a time scale 
of 5“10 yearsi 


The interpretation of measured ratios of radiocarbon to 
stable carbon is complicated by the fact that the con- 

centrations of both forms of carbon are affected by biological 
degradation of particulate and dissolved organic matter, and by 
dissolution of calcium carbonate tests in the water column and at 
the sediment water interface. Thus, in addition to measuring the 
dissolved C/ C ratio, it is necessary to characterize the dis- 
solved inorganic carbonate system (total inorganic carbon, car- 
bonate alkalinity, pco^) and the oxygen and nutrient systems to ■. 
interpret the data correctly . These additional measurements add 

significantly to the logistic requirements of studying radiocarbon 
distributions. 
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At present, the most accurate ratio measurements are 

made by shorebased gas counting techniques. The relative preoi- 
sron of these measurements is about 0.5%, or about l/60th of the 
range found in the oceans. However, each measurement requires the 
collection and shipboard extraction of about 200 liters of water. 
This requires additional ship time for special casts with large 
volume samplers, as well as 2 or 3 technicians and space to carry 
out the shipboard extractions and carbonate system measurements. 

This situation may be greatly improved by recent technologi- 
cal developments. Measurements of ratios by accelerator 

techniques which require only 50 ml of seawater are now approach- 
ing the precision of gas counting techniques. Also, very accurate 
ahorebased measurements of total inorganic carbon and carbonate 
alkalinity on stored 1 liter seawater samples are now possible. 
However, these new measurements are still extremely tedious, 
costly, and time-consuming, and a major new development effort or 

expansion in scale is needed to make them suitable for large-scale 
oceanographic use. 


■ TrihiUH i .and. Helium Isohop^ j^ 

Tritium (3 h) is a nearly ideal transient oceanographic 
tracers it is a radioactive constituent (mean life 18 y) of the 
water molecule and it is almost totally man-made.. As with 
radiocarbon, its principal source is the atmospheric testing of 
nuclear weapons. However, because of rapid tropospheric removal. 
Its oceanic source function is more strongly dependent on lati- 
tude, with higher inputs at high latitudes and in the northern 


260 


hemisphere. Surface water tritium concentrations do not equili- 
brate with the atmosphere, but rather are controlled by vapor 
exchange and rainout deposition rates. The spatial and temporal 
distributions of the source function are moderately well known. 

With conventional ahorebased counting and electrolytic 
enrichment techniques, tritium can be measured with a relative 
precision of about 1% and a detection limit of about 0.03 Tritium 
units JTU, , where 1 TU is defined as a tritium/hydrogen ratio of : 
10 . High latitude northern hemisphere surface waters have a 

tritium concentration of about 5 TU. Recent developments in tri- 
tium measurement techniques, based on the shorebased mass spec- 
trometric measurement of the growth of the daughter product 
helium-3 (3He, i„ stored samples, have significantly lowered the 
detection limit of tritium, and concentrations as low as 0.001 TU 
n.ay now be measurable. The sensitivity is dependent on the volume 
Of the sample and the length of storage, as well as on the degree 
Of contamination. Both the mass spectrometric and the low level 

counting techniques can generally be carried out on less than one 
liter of water. 


Despite these obvious advantages, it is important to recog- 
nize that there are only a few laboratories in the world that are 
capable of carrying out a large scale program of accurate measure- 
ments. TO undertake a higher density oceanic tritium measurement 
program than has already been incorporated into programs such as 

TTO will require a major commitment to expand our present measure- 
ment capabilities. 
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VI. Ih. ,riu„. . |,.ii„_3 

v.«=por. .„a .!„„, .i„„„ 

auction of radioqenic . 

tritium-bearing waters must be 

evaluated against background he concen^r <- ■ 

He concentrations resulting from 

. .... ../-.. „„ 

.. ..u_ i..top. 

shorebased equipment as the mass spectrometric tr<^- 

technique. P-trometric tritium measurement 

in the deep ocean, helium isotope measurements provide a dif- 
ferent and unique type of tracer information. Hydrothermal fluids 
-nociated with volcanism and seafloor spreading ingect large 
quantities of primordial ^He into the deep sea. This process is 
unique in that it provides a stable and conservative tracer which 
IS ingected at locations which tend to be at mid-depth, .or exam- 

hav: be r T'" 

over the East Pacific Rise at a depth of about 2 5 

several thousand kilometers. The present de»n 

me present deep-sea helium isotope 

measurements are snare,® =„,4 

sparse, and many areas of the ocean remain unex- 

plored. 


loca r 


The potential value of dissolved atmospheric CCI3F (p_ii) , 
2^2 (F-12) as conservative time-dependent tracers of ocean 
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circulation and mixing has been recognized for some years. These 
compounds are extremely stable in natural waters, they have no 
natural sources, and their histories of release to the atmosphere 
are fairly well known. Because of their importance in stratos- 
pheric chlorine chemistry and in the modulation of the ozone 
layer, the global atmospheric distributions of these gases are 
closely monitored, unlike the transient increases in tritium and 
radiocarbon which are used as tracers on a similar decadal time 
scale, the atmospheric distributions of F-11 and F-12 are not 
strongly dependent on latitude, and their surface water concentra- 
tions can be expected to come into solubility equilibrium with the 
atmosphere on a time scale of about a month. The presence of 
separate halooarbons with different rates of increase in the atmo- 
sphere provides additional constraints on time-dependent models of 
subsurface circulation and mixing. 

There have been major improvements in oceanic halocarbon sam- 
pling and measurement techniques in recent years. Measurements 
are made aboard ship on samples of about 30 ml using electron cap- 
ture gas chromatography, which provides a detection limit on the 
order of 1 part in 10^5_ precision of the seawater measure- 

ments IS about 1%, and the present detection limit compared to 
polar surface water values is about 1/400 for F-11 and about 1/200 
for F-12. With present technology, two shipboard analysts can 
measure F-11 and F-12 in about 40 sample per day (a density which 
approaches that of routine hydrographic sampling) , and the prelim- 
inary data are available shortly after leaving a station. The 
major source of contamination in low level F-11 and F-12 
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measurements now appears to be in the Niskin sampling bottles 
These effects can be reduced by using larger bottles with more 
favorable surface-to-volume ratios (at least 10 liters are pre- 
ferred) , or better still, by undertaking to construct noncontam- 
xnating bottles for routine hydrographic use. it should be 
emphasized that such halocarbon measurements are still m the 
development stages, but that with sufficient effort they could be 
incorporated into WOCE as routine measurements. 

The remarkable sensitivity of shipboard electron capture 

Chromatography for the measurement of halocarbons has also raised 

the possibility that such compounds intentionally injected into 

the water column could be used as purposeful tracers of ocean cir- 

culation and mixing, with present technigues, 50 kg of halocarbo, 

dispersed in 500 km^ of seawater could be measured with a preci- 
Sion of 1%. 


sUld Krypto^ -as 

These two radioactive noble gases deserve special mention f, 
their potential value as chemically inert ocean tracers. Argon-; 

( Ar) is a “non-transient" atmospheric constituent produced by 
cosmic ray bombardment of 40^,, 

centration equilibrates with the atmosphere on a time scale of 
about 1 month, it decays with a mean lifetime of 388 y, which is 
ideally suited for the study of thermocline penetration and deep 
ocean circulation and mixing. Unfortunately, the measurement of 
oceanic Ar distributions with present technology is exceedingly 
difficult. Seawater samples of about 2000 liters are required fo. 
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each analysis, and special counters are required which now exist 
only in Bern, Switzerland, The maximum turnover rate is about 4 
samples per counter per year, and the precision is about 5% of the 
modern ^®Ar/^°Ar ratio. 

There is the potential that the sample requirements could be 
reduced to a few liters using laser spectroscopy, but this would 
require a major development program, both in purification tech- 
niques for the separation of from the large background of 

40 

Ar, and in the laser counting techniques themselves. The time 
scale for such improvements, even with adequate funding and per- 
sonnel, may be several years. 

Krypton-85 (®^Kr) is a transient tracer with a mean life of 
15 years which is released to the atmosphere as a product of 
nuclear fission. Concentrations in the northern hemisphere are 
about 15% higher than in the southern hemisphere, and its atmos- 
pheric history has been monitored reasonably well since the 
1960's. Surface water concentrations equilibrate with the atmo- 
sphere on a time scale of about 1 month. Present measurement 
techniques are substantially less tedious and time-consuming than 
for ^®Ar, but 250 to 500 liters of water are still required for 
each measurement. It appears that the low atmospheric krypton 
background will make the use of laser spectroscopy for ®^Kr meas- 
urements considerably more straightforward than for ^^Ar. With 

this technique, the sample requirements could be reduced to about 
1 liter of seawater. 


&ag.Qmmendah;^y^g^ 
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1. The incorporation of a useful range of geochemical 
tracers into a workable field program is inconsistent with the 
water sampling and 'sample density requirements of most physical 
oceanographic studies. WOCE should encourage a merger with 
ent large scale geochemical tracer studies such as TTO. To 
avoid duplication of effort, this might be done with a simultane- 
ous 2-ship operation in which one ship would be used for physical 
oceanographic observations and small-volume high density geochemi 
cal measurements, and the second ship would keep pace with large 
volume but lower density specialised geochemical sampling. 

2. HOCE should support the development and implementation o) 
new analytical techniques which promise either to reduce logistic 
constraints on the density of geochemical observations or to 
improve the quality of the measurements. 

3. Even for the most routine hydrographic and chemical meas- 
urements, It is essential that a highly qualified pool of techni- 
cal support personnel and sampling and analytical facilities be 
established and maintained. This should include the upgrading of 
outmoded techniques for routine measurements and the improvement 
Of data reduction and handling procedures, xn the past, there has 
been frequent but unproductive discussion of establishing such a 
national capability. WOCE should provide the necessary incentive. 
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1. INTRODUCTION 


The World Ocean Circulation Experiment ( WOCE ) is concerned 
with the collection of a data set that will serve to test and 
stimulate the development of coupled ocean - a t mos p h er e models 
designed to predict climate change on the time scale of decades 
and longer ( WCRP Stream 3). The WOCE data s^t will have two 
principal objectives: 

1. Global circuli»tion 

2. Water mass conversion. 

This paper has been written to open discussion on two questions 
that have arisen in preliminary consideration of the specifi- 
cation for WOCE. They are: 

1. What aspects of the seasonal cycle in the ocean should 
be included in the WOCE data set ? 

2. What large-scale signatures of water mass conversion 
should be included in the WOCE data set ? 

It IS convenient to combine the background material needed to 
discuss these two questions in a single paper because water mass 
conversion occurs principally in the boundary layer, where the 
seasonal cycle is the controlling factor. However, in consider- 
ing the first question we shall also touch on aspects of seasonal 
variation related to the first objective of WOCE, circulation. 
And in considering the second question it is appropriate to 
include diabetic processes that effect water mass conversion 
below the boundary layer, since a knowledge of their regional 
variation may be essential for predicting how scalars are dis- 
tributed around the World Ocean, and conversely for determining 
the mean circulation from observed distributions of scalars. 

^asonal and interannual variation 

It is worth defining the expression "seasonal variation". 

It is normally taken to include the annual cycle and such of its 
harmonics as are needed ':o describe the mean seasonal cycle. The 
concept of a mean cycle poses difficulties. it can be defined 
experimentally in the context of a data set that samples the 
broad band of variability in the ocean. The phase is related to 
the astronomical cycle of insolation. Ir is convenient to dis- 
cuss theories of the ocean boundary layer in terms of a hypo- 
thetical "mean" seasonal cycle, the inter-annual deviations from 
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It, and secular trends in the parameters defining the -'mean- 
cycle. such treatment can be rationalized by appealing to the 
notions of ensemble statistics and ergodicity. There are dangers 
in adopting such ideas to study the climate system with its broad 
spectral band of variability. Furthermore, there are reasons for 
believing that there can be no such thing as a regular seasonal 
cycle in the ocean. According to that conclusion, inter-annual 
variability in the boundary layer is not an unfortunate -climate 
noise", but an inevitable and essential feature of the seasonal 
cycle with important implications for water mass formation. In 
this paper, seasonal variation will be taken to include both the 
mean seasonal cycle and interannual variation produced by the 
same physical processes. 


Water mass conversion 


Water mass conversion also needs careful definition. 
Strictly speaking the temperature, salinity or individual con- 
centrations of dissolved chemicals can only be changed by dia- 
betic processes, including: 

1. absorption or emission of radiation 

2. molecular diffusion and conduction 

3. chemical reactions (e.g. m tne carbon c-'cle) 

4. biological processes {e.g. oxygen, nutrients). 


In practice, we do not deal directly with these diabatic proces- 
ses, but with larger scale processes that are not themselves 
diabatic, but which control those that are: 

1. Extinction coefficient 

(related to biological productivity) 

2. Three-dimensional tuxbuienr mixing 
(related to the various energy sources) 

3. Mean change of chemical concentrations in large boxes 
(related to the distribution of turbulence)' 

4. Primary productivity 
(depending on (1), (2) & (3)). 


The rate of water mass conversion is parameterized in terms of 
large-scale variables by means of models of the various processes 
involved. For WOCE we must focus on those larger variables and 
encourage the development of models linking them to the diabatic 
processes. Despite considerable progress in recent years, few of 
the theories of water mass conversion rest securely on experi- 
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mental evidence that can be 
and in ail regions. 


applied with confidence at all depths 


Regional variation 


The aim of WOCE is to provide a global perspective in stud 
les of ocean circulation and water mass conversion. However the 
design of the experiment must take account of the large regional 
variations, between the hemispheres and ocean basins and with 
depth, on the other hand it is important to minimise subdivision 
of the World Ocean. In discussing seasonal variation and water 
mass conversion it is sufficient to divide the ocean in the 
following ways: 


HemisiJheres 

Oceans 


Layers 


Northern and Southern 

Pacific, Atlantic, Indian, Mediterranean 
Arctic, Antarctic 

the seasonal boundary layer 
the cold water sphere 
the extra-tropical warm water sphere 
the tropical warm water sphere 
the benthic boundary layer 
the continental shelf 

Not all of these sub-divisions will be discussed explicitly in 
this paper, but the need to cover them will have to be borne in 
mind in the design of WOCE. The allocation of priority to each 
region will reflect its intrinsic importance to the WCRP ob- 
jectives (warm- versus cold-water sphere; seasonal- versus benth- 
ic boundary layer; continental shelf versus open ocean), the 
broader oceanographic aims of WOCE (meridional overturning versus 
wind-driven circulation; upper- veraus deep-ocean water mass 
conversion), our present state of ignorance (southern versus 
northern hemisphere; Pacific versus Atlantic), and logistic 
contraints. It is also important to take note of the WCRP ocean- 
ographic strategy, in which activities in streams one and two are 
automatically assimilated into stream three. Thus the collection 
of a global description of the seasonal variation of surface 
temperature, sea ice, etc (stream one) and the tropical ocean 
activities of the TOGA project (stream two) do not need discuss- 
ion in this paper beyond noting that they are being planned by 
Other groups within the WCRP. 
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2 » BACKGROUt^P 


in this section we briefly survey contemporary 
ations concerning seasonal variation and water 
concentrating on general processes rather than 
teristica. 


ida&s and obsarv^ 
mass conversion, 
regional charac- 


Surface fluyac 

The astronomical cycle of daily solar heating is the most 
important srngle factor determining the seasonal thermohalTn 
cycle rn the ocean. But the annual variation of the weather i 

:u::ac“;: 

trL mixed layer turbulence and Ekman 

ansport; precipitation offsets water loss by evaporation- air 

temperature and humidity affect longwave radiation, conduction 
and evaporation. They all exhibit seasonal variation that influ 


rz"““ ,T"“™ “ 

30 sTw/ uncertainty in these estimates (probably 

30-50 w/m ) IS an important source of error in diagnostic studies 
Of water mass formation. it limits attempts to test models of 

enerorfl r water (e.g. mean surface 

rgy flux for the North Atlantic is ca. 50 w/mM , and the 

system to co* pollution (for 
Which the predicted secular cnange of energy flux is ca. 1 w/m» 

per decade). Although the seasonal variation per se is not the 

utilTr" -‘’-tit. 

ution of the annual mean surface fluxes in ‘ ^ 

«4.j.aue sAuxes in models gives the wrona 

temperature and meridional circulation (Bryan 

1982), :ust as neglecting the diurnal cycle of solar heatina 

gives Significant error in simulation of the seasonal cycle of 
surface temperature. ^ 

in inportance 

sLp ob T' ^-ge. Analysis of 

Ship observations (o-Brien et al 1982) reveals the inter-annual 
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variation. The TOGA group is concerned with seasonal variation 
of surface fluxes in the tropics. 


The seasonal boundary layer 


The seasonal boundary layer is defined as the layer in which 
diabatxo processes related to local surface fluxes control chang- 
aa in temperature, salinity and chemical constituents of seawater 
occur sometime during the year. The depth of the seasonal bound- 
ary layer is determined by the annual maximum depths of the 
following seasonally-varying phenomena: 


Depth 

S 

D 

H 


Phenomena 
solar heating 
buoyant convection 
Turbulent buoyancy flux 


Comment 

threshold value 10 MJ/m* y 
density gradient unstable 
density gradient stable 


The limit is determined by convection at high latitudes, by solar 
heating at low latitudes, and by turbulent mixing along the 
equator (fig. 2). The depth of the mixed layer can be defined by 
the values of D and H at night, when they coincide. The seasonal 
boundary layer thus includes the annual cycle of heat and water 
storage resulting from fluxes through the surface. The diurnal 
and seasonal undulations of s, D s, H leave the lower levels of 
the boundary layer (the seasonal thermostad and seasonal thermo- 
cline) free from surface-induced diabetic processes for much of 
the year. In regions of Ehman suction or where D increases 
downstream, the permanent thermocline water intrudes into the 
lower levels of the seasonal boundary layer each year, and is 
subsequently entrained into the mixed layer during the winter 
cooling season. The seasonal cycles of depth limits of processes 
in the boundary layer are shown schematically in fig.' 3, 
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seasonal variations in heat- and water 

Niiler (1973) have presented theoretical arguments 
showing that, averaged over a large area (say 10 MmM , the annual 
cycles of heat and water content of the extra-tropical (latitude 
higher than 15*) ocean are dominated by the fluxes through the 
surface. The currents (geostrophic and Ekman) are not fast 
enough to contribute significantly on such large scales. The 
rather large uncertainties in surface fluxes calculated from 
merchant ship observations make it impossible to test that con- 
clusion. However, a number of attempts have been made to estimate 
the climatologically important advective contribution as a resid- 
ual (e.g. stommel 1980). The WCRP cage group (1982) assessed the 
feasibility of measuring the net annual surface heat flux to ± lo 

W/m» over the North Atlantic ocean. Their proposals included two 
ingredients relevant to WOCE ; 

(1) direct measurement of the horizontal heat flux in, the 

ocean by hydrographic coast-coast sections a la Bryden 
& Hall (1980), 

(2) raeasurement of the change of heat content of the North 
Atlantic over the five year period of the Cage project 
by means of a ship-of-opportunity XBT programme, 
Bretherton, McPhaden & Kraus (1983) believe that the 
mean change in heat content can be measured in this way 

to ± 300 MJ/m»y, despite the large annual cycle and 
raesoscale noise. 

The JSC & CCCO have decided that these aspects of the Cage 
project should be incorporated into the WOCE. 

Uncertainty in the distributions of precipitation and evap- 
oration over the ocean makes it difficult to calculate the annual 
variation of water content. However, the seasonal variation of 
salinity profile, which reflects changes due to the net surface 
water flux, advection and mixing, can be used as an indicator. 
Fig.+ shows the variation of upper ocean water content along a 
2.5 «m batfish section between the Azores and Greenland, which is 

in remarkably good agreement with atlas data (Woods & Bauer 
1983), o-uer 
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The steric chanae in sea Xevel that accompanies the seasonal 
change in heat and water content of the upper ocean amounts to 
about 10 cm in middle latitudes, and can approach 50 cm in the 
tropics, where Ekman convergence dominates surface fluxes. The 
Japanese time series of hydrographic sections along 13 7 “E provide 
a unique insight into the contributions of the seasonal (mean & 
in,terannual ) variability of heat and water content to changes in 
sea level (Masuzara & Nagasaka 1983). 


Seasonal variation in the mixed layer 
Mixed layer depth 

The classic description of the seasonal cycle of extra- 
tropical mixed layer depth is given by Tully & Giovando (1963), 
who analysed data collected at OWS “P". They introduced the idea 
of a potential layer depth H to take account of short term fluct- 
uations (weather, diurnal). The seasonal variation of H repres- 
ents the lower envelope of H*, the instantaneous mixed layer 
depth. The seasonal cycle of the variance of (H-H') has a maxi- 
mum in spring. We shall discuss its impact on water mass form- 
ation later. Meanwhile we concentrate on the seasonal variation 
of potential layer depth H. 

Kraus & Turner (1967) showed that the astronomical cycle of 
solar heating is the major factor controlling the variation of H 
during spring, summer and autumn (fig. 5 ). Woods & Barkmann 
(1983) investigated the smaller contributions of the seasonal 
variation of weather . The winter variation of mixed 
layer depth depends on the penetration of density stratification 
established by advection as well as local heat storage, so the 
classic one-dimensional model (driven only by local surface 
fluxes) cannot be used to predict D the annual maximum depth of 
the mixed layer. The following argument suggests that there 
cannot be a regular seasonal cycle of mixed layer depth (i.e. 
constant D) , even with a regular seasonal cycle of weather. A 
regular seasonal cycle would have to balance three budgets: heat, 
water and buoyancy. Surface fluxes of heat and water are not 
correlated; the seawater advected seasonally into the boundary 
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layer has a T-S relation that depends on that found below the 

icItyTn the" ‘‘’®™-“‘’i=ity/barocli„. 

ty in the seasonal therraostad (see below) Th« h, 

constraint on mixed layer deepening hinders a solution for7 Tat 

automatically closes the heat or water budgets in a single we 

The winter depth (D), and the heat and water budgets of the 

seasonal boundary layer must exhibit inter-annual variability 

(For further discussion see Woods 1983b.) 

The measurement of D presents problems. it is not often 

.TiJ IT'"" “inter 

g ime series of precision CTD stations from which that 
with the greatest mixed layer depth can be unambiguously identi 
fled Notable examples include the winter expeditions to thl 

^973). Killworth (1983) has commented on the probability oI 
enoountering one of the ..ghimneys.. where bottom water is forme! 

that the profile should exhibit an adiabatic laosa rat» m -n 
accuracy of the instrument. Very few examplel exiT: 

The more popular alternative is to examine profiles collect- 

the well-mixed (past tense, upper layer from the thermodin! 
be o„. ,.en if the station was occupied some days or even weds 
after the moment of deepest mixing (i.e. when h=d) the elbow 
^rhing the bottom of the seasonal thermostad remains recogniz- 
able (fi^.6). Held (1982, has advocated the use of the elZ in 
the oxygen profile in the same way (fig. 7). 

deothd Climatological mean mixed layer 

P e.g. Bathen 1972; Robinson et al 1979; Levitus 1982) the 
sua criterion has been that H is the depth at which thltllpeT 
ature or density deviates from the surface value by some pre- 

a nTr '“7""' D by that method when 

a near surface thermocline formed in early spring calm sunny 

weather exceeds the prescribed temperature difference. Maps of D 

PUblis^hed by different authors show guite large diffeTencel 
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A different approach has been, introduced by Moods (1983b) 

D IS Identified with the haloclinicity elbow in a hydrographic 
section, rather than with the tenperature/density/oxygen elbow in 
a single profile (fig. ? ). The method works best with sections 
made in summer, which greatly increases the scope for systematic 
surveying. It depends on the fact that the seasonal change in 
density is due more to change of temperature than of salinity 
Naturally, correction must be made for advection in strong cur- 
rents, but that source of error is also present in the analysis 
Of single profiles. 

Mixed layer temperature 


The seasonal variation of mixed layer temperature provides 
the principal ocean variation in the boundary conditions of 
atmospheric climate models. It is therefore the main oceanograph- 
ic target of WCRP stream one research. Plans are being made for 
monitoring the mixed layer temeprature globally. The existing 
data base is sufficiently rich in most the Northern Hemisphere to 
permit quite detailed descriptions of the regional variation of 
the mean seasonal cycle, and to make a start on describing inter- 
-annual variations. The former are available in standard atlases 
(e.g. Robinson et al 1979; Merle 1978). EOF analyses of the 
inter-annual anomalies have been published by Barnett & Davis 
(1975), Wears (1977) and Navato et al (1981). Rodewald (1983) 
has drawn attention to the changes in annual mean temperature 
Observed at the OWS (fig.TB ). Decadal variation of global mean 
mixed layer temeprature over the period 18 6 1-19 80 have been 

published by Folland & Kates (1983), who draw attention to the 
maximum at the end of the 1960s. 

The Kraus-Turner model was designed to predict the seasonal 
cycle of mixed layer temperature from surface energy fluxes. The 
technique has been widley used in climatological studies of 
air-sea interaction (reviewed by Woods 1983a, b). Thompson ( 1976 ) 
showed that the inability of such models to predict winter mixed 
layer depth doe not have too serious an effect on the prediction 
of the annual cycle of mixed layer temperature. Kraus & Turner 
(1967) used the astronomical cycle of solar heating to force the 
model; Gill & Turner (1976) used OWS data; Woods £, Barkmann( 1983) 
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used Bunker's monthly „een climatological data (fig.l , 
deviations from observed mixed layer temperature are roughly what 
one would expect, given the uncertainty in the surface fluxes and 

(- 1 m). The seasonal cycle of temperature near the equator 
presents special problems that are being studied by TOGA. 

Attempts to model inter-annual variations have been based on 
1) Slow relaxation to fast random forcing by the weather 
Frankignoul s Hasselmann 1977), (2) forcing by equatorial waves 

Hughes 1980). and (3) aecular changes in surface IR due to CO, 
pollution (Bretherton 1982). 

Mixed layer salinity 

The seasonal variation of salinity is poorly documented, it 

to b "t r""'- accurately than temperature and care has 

to be taken in selecting reliable data from the archives. Taylor 

. Stephens < 1980) have analysed the mean seasonal cycle and 

inter-annual variabiUtv at nine'North Atlantic OWS (fia il'l t*- 
measured regularlv alom i-h® owaifiq.n). It is 

® the Japanese section at 13 7»E, and a few 

other standard sections (see Tokyo 1981 conference report WCP 

U978 andT""' in the Merle 

eluded in those of Robinson et al (1976, 1979). It is surpris- 
ing that, despite the widespread use of recording thermo-salino- 
graphs on research ships, no attempt has been made to investigate 
the seasonal variability of salinity, as has been done so effect- 

ZciVt- astronomical 

orcing which gives such a simple relationship between upper 

ocean heat content and mixed layer temperature (see fig. 12 f„„ 

Gill & Turner 1976). does not apply for salinity. The forcing is 

y precipitation and evaporation, plus run-off and sea ice freef- 

ing/melting in coastal and polar seas respectively, with signif. 

thermocline at fronts. The equivalent water-content: mixed- 
-layer-salinity curve will be more complicated, but worth explor- 
ing as a preliminary to designing a campaign for global monitor- 
ing of mixed layer salinity for the WCRP (as proposed recently by 
Bretherton.) ^ 
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Modelling salinity changes in the boundary layer has tended 
to be relegated to the fringes of the World Ocean: to regions 
wjiere there is sea ice and run-off, on the continental shelves 
and hear estuaries, in peripheral basins (Arctic, Mediterranean & 
Red seas) and along the equator. However, the need to couple the 
global circulations of water in the ocean and atmosphere for WCRP 
stream three climate prediction brings open ocean salinity chan- 
ges to centre stage, Levitus (1982) has drawn attention to the 
importance of salinity in determining the depth of winter con- 
vection. An accurate knowledge of inter-annual and decadal 
variation in the salinity source term for water mass formation is 
a central problem for WOCE. 

Sea ice 


The variation of sea ice is one of the greatest seasonal 
signals in the ocean climate system. The peak-peak variation of 
ice area is ca. 15 Mm* in the Antarctic (fig. 13), it has been 
mapped by satellite microwave radiometer for over a decade, 
allowing statistical analysis of inter-annual anomalies. Lemke 
(1982) has shown that they exhibit characteristics of a system 
that decays slowly after creation by random forcing (by the 
weather); the decay time of anomalies (a few months) is much 
shorter than the age of the oldest sea ice (several years). Thus 
the representation of sea ice in atmospheric climate prediction 
models is best handled by observed initial conditions, the anom- 
alies in which decay to the mean cycle at the rate determined 
from multi-year observations. The effect of sea ice on air sea 
interaction comprises reductions in evaporation (by an amount 
that depends on the fractional coverage of leads and polynias) 
and in conduction through the ice (depending on its thickness, 
approaching zero as the ice reaches terminal thickness of two to 
three metres), and a sharp rise in albedo (when the icfe is cover- 
ed by snow). The presence of sea ice dramatically effects the 
winter climate of adjacent continents by hindering the formation 
of maritime air masses; it also fosters teleconnexions. Correl- 
ation between ice cover and variables associated with the global 
circulation of the atmosphere have been reviewed by Goody (1980). 
For these reasons, the monitoring of sea ice is one of the themes 
to be undertaken within WCRP Stream One, and may not need major 
investment by WOCE, 
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Models of sea ice (e.g. Hibler 1983) describe its seasonal 

IZT T TZ‘ "" Zlr 

.below xt. The principal e«perimental focii are the complex 
processes occuring at the marginal zone (the MIZ8X programme in 
^Ctxc) and on the interpretation of microwave images of sea 
loe (microwave emissivity is changed by the f reez ing-mel t ino 

cycle Of multi-year ice) . a possible sea ice project in the Ant! 
arctic is being discussed by WMO. 


in th T - Significant role 

in the general circulation of the ocean. The boundary layer 

n er t e ice is controlled convectively by the salt and heat 

released at the freezing under surface, and by me) t water run-off 

from the upper surface. The convective-advective balance in the' 

boundary layer produces a halocline in the enclosed Arctic Ocean 

of the r rr “°deued accurately by water mass models 

world ocean (e.g. Bryan 5, Lewis 1979). High salinity is 

inf!! f >=y 

from the exceptionally salty North Atlantic; in the Ant- 
arctic It comes from the much higher rate of ice formation per- 
mitted by Ekman ventilation of ice away from the continent (Gill 
1973). The association with bottom water formation with sea ice 
xs consistent with evidence that the cold water sphere began to 
form before the polar glaciers achieved significant volume 
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The seasonal thermostad 


The vernal ascent of the mixed layer from its annual maximum 
depth D to the summer minimum occurs rapidly leaving a layer of 
weakly stratified water, the seasonal thermostad (fig. 5 ). Deep 
convection during winter creates the thermostad; a combination of 
processes are responsible for its restratification during the 
rest of the year. First is the creation of a fossil thermocline 
during the ascent of the mixed layer in April and May; second 
comes solar heating below the mixed layer; third is geostrophic 
advection; and fourth is thermohaline instrusion. The relative 
importance of the four contributions in different regions can be 
assessed by inspecting climatological atlases in the light of 
one-dimensional models of the seasonal variation in the mixed 
layer. The advective contribution is known from the annual 
imbalance in surface fluxes. Being baroclinic it can also intro- 
duce an unstable salinity gradient which yields a buoyancy flux 
at the base of the mixed layer during the cooling season; a form 
of thermo-haline preconditioning of the thermostad for deep 
convection in winter (Killworth 1983; Woods 1983b). The depth of 
the seasonal thermostad is one of the key factors in calculating 
the annual rate of water mass conversion in the boundary layer. 
The subtle way in which it is rest. ratified during the year determ- 
ines that depth. Our knowledge of it is at present inadequate. 
We shall have to get to grips with it in WOCE. 
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Water m ass conversion 
^e_ parameteri 2 a tion orohi^m 

i"“°duction, we are not concerned with the 
uly diabetic processes that occur at molecuiar scaie, but with 

r:r„r:; r 
:: :::.::;rrr„?*rrrr *" “■> 

... .... ;v 

molecular dissipation scale i - ean, to the 

(order l mm) is dauntinalv 

(seven decades) so it is not • untingiy broad 

T« aesert of the mesoscale and microscale 

Instruments have been made that fan m 

to the molecular dissioatLn f -^crostructure down 

-soscale finestructure but ' "" 

w, ucture, but experimental design is beset Kw 

problems Of inadequate sampling that provide a lively subject for 
dispute in ocean turbulence circles. suoject for 

ationrr/ “ of including such difficult observ- 

ations Of mxcro- & fines^ucture in the World Ocean Circulation 
.Kperiment what is needed is a set of large-scale paraietLs 

afterwards 

^^fes “i:::::“- - 

parameters implies that oceanographers are conf idenr"th“ey L“o! 
how to parameterize the processes in that seven decade spectral 
rra incognita. Despite notable advances durina th,- 
decades, nobody in the business would „ake such a cla'i. .'"Jt 'II 

ideas remaih tentative, and that the best that can be off erred is 
tatement of contemporary ideas, with a suggestion that the 
word .parameters" be dropped in favour of the softer expression 
signatures', of water mass conversion Pf«3ion 
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Water mass conversi on in the seasonal boundary lay^r 

For many purposes it is appropriate to treat all processes 
occuring below the boundary layer as adiabatic. Water mass 
conversion then occurs exclusively in the boundary layer. 
Attention focusses on the diabatic (or surrogate diabetic) pro- 
cesses in the boundary layer: 

1. solar heating 

2 * buoyant convection 

3* turbulent diffusion 

and on the rate of subduction of seawater from the boundary layer 
into the quasi-adiabatic interior of the ocean. The properties 
of the subducted seawater are those of the mixed layer at the end 
of the cooling season when its depth is greatest that year. The 
volume of water subducted each year depends on three properties 
that exhibit important regional variation: 

1. the horizontal circulation in the boundary layer 

2. the annual maximum depth of convection 

3. the annual vertical displacement by Ekraan pumping 

A detailed understanding of the seasonal variation in the bound- 
ary layer is a pre-requisite for estimating the properties and 
mass of water subducted at each region each year. The earlier 
conclusion that inter-annual variability is an intrinsic charact- 
eristic of the boundary layer depth and heat/water content, 
suggests that we should expect inter-annual variability in water 
mass formation beyond that attributable to inter-annual variation 
in surface fluxes: 

Brief remarks on these processes and properties follow. For 
a more detailed review of the literature the reader -is referred 
to the chapter on "The upper ocean and air/sea interaction in 
global climate" in Houghton (1983). 


Solar heating 

Solar heating is the most important diabatic process in the 
climatology of the World Ocean* It is not surficient to know the 
energy flux at the surface: the vertical distribution of solar 
heating inside the ocean must also be known because it affects 
the depth of the mixed layer and heats water below d in the 
tropics. The first systematic investigation cf the climatology 
of the vertical distribution of solar heating has recently been 
completed by Woods, Barkmann & Horch (1983). They have compared 
parameterizations of the vertical profile with observations, and 
studied the sensitivity of the profile to cloud cover and sea- 
water turbidity. They conclude that significant heating occurs 
below the mixed layer in the tropics, the rate being more sensit- 
ive to plankton concentration than cloud cover (fig, 2 ). This 
heat escapes to the atmosphere by upwelling into the tropical 
mixed layer or by advection to higher latitudes where the mixed 
layer gets deeper in winter. 

The requirement is to measure the global distribution of 
solar heating to an accuracy commensurate with the change of net 
surface IR flux due to doubled COa , which Ramanathan (1981) gives 
as 100 MJ/m*y, it is now possible to monitor the surface flux of 
solar energy to about 500 MJ/m^ y by satellite (Gautier 1982 ; 
Rashke 1983). It is also possible to measure seawater turbidity 
from satellite to within about one Jerlov water type, giving an 
uncertainty of * 100 MJ/ra*y below the tropical mixed layer. 
Where the solar heating profile is known accurately it is pos- 
sible to estimate the advective heating of the extra-tropical 
seasonal thermostad from bathythermograph data. 

The appropriate "signature" is ocean colour index (Hbjerslev 
1980) measured globally by satellite ocean colour scanner. 
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Buoyant convection 

The characteristic of buoyant convection is thorough mixing 
of scalar anomalies, giving a negligible vertical concentration 
gradient in the familiar "mixed layer". Calculation of the depth 
to which convection penetrates in the ocean at any instant requ- 
ires a knowledge of the surface buoyancy flux and the vertical 
density profile, and an assumption about the fraction of potent- 
ial energy being released that is used in turbulent entrainment 
of the underlying pycnocline. Opinion is divided about the last 
point; some authors (e.g. Killworth 1980) suggest it decreases 
with depth of convection and may be negligible when deep in 
winter, if ao the convection depth can then be calculated solely' 
by adjustment. Solar heating during the day greatly reduces the 
depth of convection and the convective source of turbulent kin- 
etic energy in the mixed layer (Woods 1980); neglect of this 
diurnal effect leads to error in calculations of the seasonal 
variation of mixed layer depth and temperature. 


Turbulent diffusion 

The sharp decrease in depth of the convection layer during 
the morning (due to solar heating, see. above) leaves a weakly 
stratified diurnal therraostad (fig. 3 ). There turbulence gener- 
ated by the wiiid stress and (inertial & geostrophic) current 
shear diffuses scalars down gradient and changing their concen- 
tration C according to the curvature C == d 2 (Kd 2 C). The vertical 
distribution of K can be calculated from a one dimensional model 
based on parameterization established experimentally in labor- 
atory experiments (Mellor & Yamada 1982). The surface wind 
stress and buoyancy flux must be known. 

Normally it is not necessary to simulate the diurnal vari- 
ation. It is sufficient to follow the seasonal change. In which 
case convection will homogenize the diurnal thermostad during the 
following night, and the task of the model is to calculate the 
maximum depth of the mixed layer each day. The most important 
exception is the equatorial undercurrent, where strong turbulence 
persists day and night below the convection layer, giving a 
climatologically significant vertical heat flux (fig,/4-). 
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Water mass aubduction 


We distinguish between two kinds of subduction: 
and vertical. 


horizontal 


The critical factor in the former is a negative downstream 
gradient of D (the annual maximum depth of the mixed layer) so 
that water mixed to great depth by convection one location flows geo- 

win\°rrs boundary layer downstream during the followirg 

winters. The extreme example of that process is the formation of 

bottom water at chimneys of convection extending to the ocean 
floor over a small area (order 100 km across). But it is import- 
ant more generally in the formation of deep water. The signature 
is U , vD ^0, 


vertical subduction is driven by Ekman pumping in the class- 
ic manner envisaged by Iselin (1939). stommel (1979) has des 
oribed the process in the presence of a seasonally varying mixed 
layer depth, showing that (as with horizontal subduction) it is 
the winter properties of the mixed layer that are carried down 
The seasonal variation of the mixed layer depth (H) and the 
annual range of vertcial displacement by Ekman pumping must be 
known, in MOCE the latter might be determined by global uonitor- 
ing of wind stress by satellite scatterometer. 



Wust (1935) pondered the possibility of encountering in the 
deep ocean a banded structure in seawater properties recording 
their seasonal variation in the mixed layer from which they 
travelled down, as though along a continuous inclin'ed conveyor 
belt, we now know that the process of wat4r mass formation -the 
addition of new water from the boundary onto the conveyor belt 
(which we now tend to associate with an isopycnic surface) is 
^antized annually by the seasonal variation of mixed layer 
depth. Nevertheless it is worth examining the downstream vari- 
ation of scalar properties on upper ocean isopycnals in order to 
learn about the sequence of winter events in which seawater that 
acquired its properties by diapycnic processes in the boundary 
layer became subducted into the quasi-adiabatic interior. For a 
recent example for Jenkins (1982), 
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Water mass conversion below the boundary layer 

until quite recently the ocean was believed to be continu- 
ously turbulent at all depths with the intensity, and therefore 
the eddy diffusxvity modulated according to the Ricnardson num- 
ber. But flow visualization studies in the 19b0s established 
tnat oelow the mixed layer, the flow is predominantly ( 95 %) 
laminar-. Turbulence was observed to occur in the seasonal tnerm 
ocline as short-lived isolated events resulting from shear in- 
stability in internal waves. That discovery led to the present 
paradigm in which tne natural state or the flow is laminar at all 
depths below the mixed layer. Molecular diffusion occurs univ- 
ersally and is enhanced locally by rare, transient microscale 
events, the accumulated effect of which is nevertheless greater 
than that of the universal molecular diffusion. 


It is these events therefore that are held to be responsible 
for water mass conversion below the boundary layer. They are 
weak and, as we noted above, for many purposes it is not inap- 
propriate to ignore them entirely and to assume that the proces- 
ses in the interior of the ocean are adiabatic. Nevertheless, 
diagnostic studies of observed distributions of tracers leads to 
the conclusion that there is diffusion in the deep ocean at a 
rate faster than molecular. 


Because mixing by quasi-geostrophic eddies rapidly disperses 
scalars along isopycnic surfaces it is only necessary to discuss 
the mixing of scalars by these microscale events in the cross 
isopycnic direction. If the mixing is parameterized by a 

Boussinesq eddy diffusivity, then we distinguish between' an 
isopycnic diffusivity, whos« value depends on the kinetic energy 
of mesoscale eddies, and a diapycnic diffusivity, whose value 
depends on the net effect of intermittent microscale events. 
Here we shall concentrate on just two types of microscale event: 
billow turbulence, and double diffusive convection. The effects 
of cabbeling and of intrusion from the benthic boundary layer 
will not be discussed. 
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Billow turbuli^n^^ 


isopycnals by billows resulting frol overturning of 

instability. The mechanism was discoverln^thr^ induced shear 

ocline (woods 1968) and it is believed to occur araYr"] T"’ 

The loss of energy from th« k h ^ ‘depths, 

energy trom the billow turbulence as i 

against the Archimedes force is i ^ ^ 

experiments, but translation o6 that 

meterization for diapycnic eddv di^^ ^ ^ 

ai i.eory for the ^Z^y 

in terms of their energy source, the internal waves 
sa xsfactory theory has been developed <Munh 19sT, The p YiY 
arises from uncertainty concerning the physical oroce 

i. „„„ „„„ "n “ ::iT" 

est wave {order 10 metres) Ann -k t ^ ^ short- 

-e evidence from idrieLotl YhYrYoYLYeYY YhY^r ^ 

Structure plavs a e that density fine 

by internal wave strain' buT's 

-ence and thermohY:::' inYroL^Yrr: YoY 

internal waves. so it looks as controlled by 

based solely on intern ^ ^ completely closed theory, 

i. “w™. IT' 

thermocline is to the deeper^Ta"^ evidence of the seasonal 
resolve that question bv 

proved inconclusive. Lan^riY^YhY^Y/rYnYY 
bUlow turbulence theoreticians is that .or YoYt 
ocean, however complex the physical processes at the 
gap, hey can be parameterized to sufficient aYurV 
the Brunt-Vaisal. frequency. Oarrett (1933, h ' " 
results Of recent worX carried out it that ap’ rU 

wuLt::;::: tYatie: ^eYYrrrgir " 

procsss PiiT‘+*hcv highly intermittent 

process. further experiments are needed before such data can 

provide the evidence needed to teat na»-=« .. 

speculative theories T^re is '’"^-^--“-tions based on 
i There is a reasonable chance that thz^ 

Meanw\\L^";iLn\Tsho^^ «°CE. 

:rr. v.‘“ 
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Double diffusive convection 


The predominance of laminar flow in the ocean provides the 
opportunity for differences in molecular diffusivities for heat 
and salt to provoke convection in midwater, when one constituent 
is statically unstable. Extensive laboratory studies (reviewed 
by Turner 1973, 1981) have provided the framework for interpret- 
ing steplike structures in CTD profiles in terras of double dif- 
fusive convection. Recent work by Schmitt (1981) has established 
the fact that the process precedes at a rate governed by the 
density ratio (R aotTg/flS^), and acts to adjust the T-S profile 
to a universal form with R approximately 2. It is as though 
double diffusive convection ‘'diffuses" R, removing any anomalies 

that might have originated during water mass formation (fig. 15). This one 
dimensional theory works well in the central water. Clearly the 
relevant signature for WOCE is the density ratio R. 

Double diffusive convection plays an additional role at 
strongly thermoclinic fronts, such as the North Atlantic polar 
front. At sites along the front where mesoscale frontogenesis or 
curvature isopycnically creates a small fold in the otherwise, 
doubly stable water, the conditions for double diffusive instab- 
ility are met, and the fold is rapidly extended by the lateral 
pressure gradient created following release of the latent potent- 
ial energy of the new unstable salinity gradient (fig.16). Such cross- 
front intrusions have been identified in many surveys of meso- 
scale finestructure. Parameterization in terms of frontal baro- 
clinicity (for the initial fold) and thermoclinicity (for the 
subsequent intrusion) can be expected shortly. The process is a 
form of sloping convection, which draws mainly on the thermo - 
clinic available potential energy at the front. Consideration 
should be given to measuring the thermoclinicity and .baroclinic- 
ity at major fronts as part of the WOCE. 
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Seasonal variati on in 

The survey by Gin . «iiier (1973) provides a starting point 
for discussion of the seasonal cycle in dynamical variables and 
rather tlian attempt to summarize the conclusions of that paper I 
have included the authors- abstract as appendix 1 below. They 
were concerned with the largest scales of variability (5-x5-) al 
latxtudes higher than 15- and away from boundaries. 

of <^i«cussion of seasonal variation 

effect ,a"f - 

(a few centimetres) at high latitude; the small barotropic 

response (a few millimetres) to seasonal changes in wind stress- 

and sterxc changes (a few centimetres, due to seasonal change ^ 

eat content due to (a, net surface fluxes. ,b, Ehman fluxes in 

the mixed layer, and (c) vertical displacement of the ocean 

t ermocline by seasonal variation of Ekman pumping. The Sa tidal 

ponent (a few millimetres) is discussed by Cartwright (this 
volume, chapter ), ' 

Gill a Niiier (1973, raise the question of advective con- 
tribution to the extra-tropical seasonal variations of heat and 
water content, which is negligible according to their dynamical 
analysis, but assumed to close the significant gaps in the slrf. 
ace annual energy and water budgets. They reiected Bathen-s 
1) interpretation of the seasonal cycle heat content in terms 
advection and (horizontal) eddy diffusion. They note the 
importance of Ekman advection in the seasonal variation of heat 
content at low latitudes. Bryan (1983, has shown that seasonal 
variation of Ekman tran.sport can produce the inter-hemispheric 
exchange deduced by Oort a Vender Hear (1976 , as a residual in 
their analysis of atmospheric heat storage and transport and 
oceanic storage. The TOGA group (1983) .-ummarize the important 
seasonal variations occuring in the tropical ocean, where the 
large Ekman transport and fast baroclinic waves influence heat 
content as much as surface fluxes in many regions, and where 
inter-annual variation often exceeds the mean seasonal 


range. 
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Although the wind-driven gyres are not expected to exhibit 
significant seasonal variation, there have been reports of seas- 
onal modulation of mesoscale variability. The NEADS group (1981) 
have produced evidence of seasonal variation in fluctuations with 
periods of a few weeks. Baroclinic planetary waves with annual 
period are believed to radiate across the Pacific from seasonal- 
upwelling regime along the West coast of America (Mysak 1983). 
Inter-annual modulation of the upwellmg by waves propagating 
along the coasts from the equator may find a response in these 
open ocean Rossby waves. Seasonal variation in the Florida 
current (Niiler & Richardson 1973; Schott 1983) is characterized 
by inter-annual variation larger than the mean cycle. 


3_._ THE WORLD OCEAN CIRCULATION EXPERIMENT 

In this section we identify WOCH requirements for measure- 
ments of the seasonal cycle and water mass conversion, note the 
exi.rtence of other projects that may supply the required data, 
and propose actions to collect the rest, either within WOCE or as 
subsidiary projects. 


WOCE requirements 

water mass conversion (wmc) is one of the central themes of 
WOCE. It is believed that after computers become sufficiently 
powerful to permit adequate resolution of topography and meso- 
scale variability in the ocean the key problem facing ocean 
climate modellers will be parameterization of processes that 
effect water mass conversion. The only reason that wmc is not 
given top billing now is that it is more urgent to reduce errors 
in the dynamics due to inadequate resolution that tend to mask 
those due to inadequate parameterization of wmc. But the situat- 
ion is likely to change soon; at least before delivery of the 
WOCE data set. 
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The first decision to be made is whether it would be suffic- 
ient for WOCE to concentrate exclusively on the seasonal bound- 
ary layer, where water masses are formed, or whether it is also 
necessary to include in the KOCE data set some indicators of the 
regional variability of processes that change water mass charact- 
eristics below the boundary layer. The argument for concentrat- 
ing on the boundary layer is that water mass formation represents 
a more urgent problem of direct relevance to surface fluxes, to 
the coupling between ocean and atmosphere, and to the WCRP ’ To 
take a specific example, the calculation of oceanic scavenging of 
CO, pollution and the thermal response of the ocean to the CO, 
left in the atmosphere depend on accurate calculation of the rate 
of subduction of seawater from the boundary into the quasi-adia- 
batic interior of the ocean below. it is unlikely that neglect 
of diapycnic mixing below the boundary layer will seriously alter 
model predictions of climate change due to CO, pollution if they 

deal accurately with water mass formatiuon in the boundary layer 
of the upper ocean. 

The case for including signatures of deep water mass con- 
version rests more on the other objective of WOCE, namely the 
general circulation. There are two aspects. The first concerns 
the diagnostic modelling of ocean circulation from distributions 
of scalars measured during WOCE (and, where appropriate, during 
earlier expeditions). There is evidence from diagnostic studies 
(McDougall 1983) that diapynic mixing has to be taken into account 
Uncertainty in its nature and magnitude as functions of reoion 
may lead to error in the diagnosed circulation. An independent 
measurement of the diapycnic processes might help to constrain 

the model and yield a more precise estimate of the circulation 
- provided it is accurate. 


The second case comes from the more general aims of WOCE 
n^ely to provide a data set that will stimulate the development 
of and test general circulation models of the World Ocean. The 
equations of such models include terms to represent the net 
effects of diapycnic mixing events. There have been problems in 



the past because of contamination by the diapycnic component of 
the intense lateral mixing due to quasi-geostrophic (and adia- 
batic /isopycnic) eddies. However, it is now known how to avoid 
that error by using isopycnic coordinates (Bleck & Boudra 1982) 
or by rotation of the isobar ic coordinates (Redi 1982), Having 
overcome that problem, the question facing modellers is how to 
parameterize diapycnic mixing in terms of variables resolved in 
the model, and how to ensure that they vary realistically with 
depth and region. Field data are needed to help solve that 
question: they need to have the global coverage that is the 
hallmark of HOCB. But is it necessary to collect them during 
WOCE ? It is unlikely that any measurements we can contemplate 
making on a global scale will be precise enough to permit discus- 
sion of large-scale temporal variability below the boundary 
layer, so there is no case for simultaneity. The best argument 
for collecting such data during WOCE, rather than as a part of a 
separate programme, is the logistic one; research ships may not 
be going again to such out-of-the-way places for a long time. 
The argument against collecting data relevant to deep wm'c during 
WOCE is that it may compete unacceptably with other WOCE object- 
ives, In view of the present state of uncertainty about methods 
of parameterizing diabatic mixing events and the controversy over 
measurement techniques, the best -policy for WOCE is to incorpor- 
ate measurments related to wmc below the boundary layer on a 
non-interference basis, in the hope that they might yield a 
valuable bonus afterwards. 

That relaxed approach is not recommended for water mass 
conversion in the seasonal boundary layer. Accurate parameter- 
ization of the processes involved are vital to the success of 
WOCE as a component of the WCRP and, more generally, for model- 
ling the World Ocean water masses. Simultaneity is crucial 
because of the known inter-annual and inter-decadal variability 
in the upper oceait?.. 
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S_easonal var iation in circulation 

The reader is reminded that in this paper seasonal variation 
embraces not only the "mean" seasonal cycle derived from a multi- 
year data set, but also the attendant inter-annual variability. 
The requirement can be conveniently divided into two components 

1. global information of seasonal variability in ocean 
circulation and statistics of mesosoale variability 

2. Studies in regions of special interest: 

e.g. (1) the tropics, where Ekman forcing is strong and 
baroclinic waves travel fast, 

(2) straits and sills crucial to the general 
circulation , including ; 

the Drake passage 

the Florida straits 

the Straits of Gibraltar 

the Greenland-Iceland-Faroe-Scotland sill 

Global monitoring will be effected by satellites and drift- 
ers. satellite altimetry and Argoss drifters will provide the 
seasonal variation in surface geostrophic flow needed for model- 
ling the boundary layer. It will be important to develop a 
statistical description of seasonal variation in the core of 
major currents (e.g. at the polar fronts separating subtropical 
anticyclonic and subpolar cyclonic gyres) the displacement of 
which may be the main cause of observed interannual (Eulerian) 
variations of surface temperature and salinity. care will be 
needed to define the mean core of the current in the presence of 
intense meandering with shallow geostophic jet streaks. The 
seasonal variation of mesoscale eddying presents a challenge for 
WOCE in its own right. Having been detected at a few moorings, 
the challenge is now to use altimeter and drifter data to monitor 
the seasonal variation globally. Deep ( acous t ical ly-tr acked 
drifters will help to establish the vertical distribution of 
seasonally-varying mesoscale eddy kinetic energy. Interpretation 
of the data will require a supporting programme to measure: 

1. upper ocean heat content (steric change in sea level) 

2. moored current meters (baroclinic structure of eddy KE) 

3. ship of opportunity current profile programme 

Global measurements of seasonal variation in Ekman tranc.port and 
pumping will be derived from satellite scatterometry. 
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Seasonal variation of circulation (in the broad definition 
adopted here) is the quintessence of the TOGA programme. The 
equatorial region is less important when viewed from the global 
and decadal perspective of WOCE. However, the annual flow of 
heat from the summer to the winter hemisphere, identified by Oort 
& Vonder Haar (1976) and modelled by Bryan (1982) is an important 
• feature of the global circulation and requires careful monitoring 
of the Ekman heat flux in the tropics. The monitoring of season- 
al variation of mass transport and heat flow at straits and sills 
is also an important target for WOCE, and require intense local 
sub-programmes incorporating techniques that are not appropriate 
for global deployment, e.g. moored current meters, tomographic 
arrays, and repeated surveys by research ships. 

Seasonal va riation in the boundary layer 

Calculation of water mass formation requires a detailed 
description of seasonal variation in the boundary layer, includ- 
ing its depth, temperature, salinity, vertical motion (Ekman 
pumping), advection (Ekman and geostrophic flow). These vari- 
ables are needed globally to calculate the wide variety of water 
properties being subducted annually. (it is not clear that the 
traditional simplification in terms of classical water types 
named in WUst 1935, and Sverdrup, Johnson & Fleming 1942 is 
appropriate for decadal climate prediction.) But it has proved 
troublesome to achieve an adequate empirical description of 
seasonal variation even at easy sites like OWS "P“ (Tully & 
Giovando 1964). More general descriptions of regional variation 
include widely different estimates of such crucial properties as 
mixed layer depth in winter. Special efforts are needed to 
resolve these difficulties by careful in situ measurments at a 
small number of locations chosen as being specially r.elevant to 
WCRP rather than oceanographically tame. it is recommended that 
some such subsidiary programme be undertaken in support of WOCE. 
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The WOCE requirement for ajo b^l coverage cannot be met 
economically by such in situ campaigns. Yet the global measure- 
ments planned for WOCE do not provide the information needed 
irectly to describe seasonal variation in the boundary layer 

Of the boundary layer. Satellite data (scatterometer , radio- 
me ers operating in the IR, visible & microwave) can be used to 

and latent energy, precipitation, and E)cman tramsport s. pumping 

altimetry and oceanic circulation models. Turbulent kinetic 
energy supply to the mixed layer can be determined from the wind 
stress and surface buoyancy flux. The problem with this approach 
at present is that the surface fluxes are likely to have quiL 
arge errors, which produce corresponding errors in boundary 
ayer structure, according to sensitivity studies with boundarj 
layer models. furthermore, the latter do not yet achieve accur- 
ate simulation of the observed mean seasonal cycle from observed 
mean surface weather. For example, fig. shows a comparison of 
Robinson data and model prediction based on Bunker data. The 
present state-of-the-art is not too encouraging, but no other 
approach is on offer, so every effort should be made to collect 
the global observations needed, and to undertake pre-WOCE studies 

Zll "i P«*ormance of boundary layer models, it 

Tlarae T i'"^--tigating the potential of instrumenting 

a large number of Argoss-type buoys with thermistor/conductivity 
chains. Ship-of-opportunity campaigns should look beyond XBTs to 
surface thermo-salinographs , XCTTs and Doppler sonar current 

profilers in order to accumulate data that will test new boundary 
layer models. wwuauary 


Water mass conversion in the boundary layA,- 


kev t variation in the boundary layer provides the 

key to calculating the annual rate of water mass formation region 

by region. Particular attention must be paid to the following 
variables. ^ 


1 . 


2 . 


The annual vertical displacement by Ekman pumping/suction. 
The annual maximum depth D of the mixed layer. 
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The horizontal gradient and interaonual variability of D are 
particularly important for calculating sub-polar water mass 
formation rates. D cannot be derived from existing boundary 
layer models (because of the, as yf t unknown, interaction between 
advection and buoyant convection), but it can be measured in 
winter with high quality hydrographic stations, and in summer 
with oxgen profiles and hydrographic sections. 


Sea ice 


The seasonal variability of sea ice cover is important for 
the polar salinity balance and bottom water formation, it should 
be monitored throughout WOCE by satellite microwave radiometer. 
Independent programmes such as MlZEX designed to improve our 
understanding of the role of sea ice in water mass conversion 
should be encouraged as supporting the objectives of WOCE. 


Water mass convers ion below the boundary layer 

Recent investigations relate diapycnic mixing due to wave- 
induced shear instability to the mean Brunt-vaisalS frequency N, 
and double diffusive adjustment of the T-S relationship to the 
density parameter R. Further research is needed to test and 
develop these ideas, it would be appropriate to invite SCOR WG69 
("Ocean turbulence”) to help coordinate a pre-WOCE programme of 
microstructure case studies with that aim. it seems inappro- 
priate to specify additional measurements for WOCE to estimate 
the rates of water mass conversion in deep water, if the above 
conjectures prove right, the necessary information will be found 
in the WOCE hydrographic section data. 
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Mixing at large scale frnnta 


The leakage of scalars across large-scale oceanic fronts is 
one Of the more important processes governing their global dis 
tribution. Also, the vertical circulation occuring in the mesr 
scale jet streaks imbedded in large-scale fronts provider an 
important pathway between the mixed layer and guasi-adiabatic 
interior of the ocean for nutrients and other scalars. The polar 
fronts separating the subtropical anticyclonic gyres f rom thl 

T^Toir particularly imporlt ex^ples 

frL! variation in scalar transport through these 

fronts IS not known. Some attention should be given to monitor 
ing them in the WOCE. ^ monitor- 


Other 


proiecta 


other " • "^^ssary to take account of 

other projects planned within the WCRP or otherwise. The wcpp L 

divided into three parts, called streams and concerned respect 

ively with Climate prediction on time scales on weeks, yeaTl' 

TZTt programmes for each stream are des- 

igned to be downstream compatible. Thus measurements to support 
stream one are also used in streams two and three; those in 
stream two are also needed for stream three. WOCE is part of 

stream three and benefits from oceanographic measurements in 
streams one and two. ments m 

WCRP stream ont» 


The main oceanographic concern in stream one is with the 
^asurement of the global patterns of surface fluxes of energy 

^lls A conditions in atmospheric climale 

\ " initial global monitoring programme for 'sea surface 

temperature, sea ice and possibly a few ai-ho** 

will .. ^ a few other surface variables 

Will be needed to establish the mean cycle and statistics of 
interannual anomalies, including their average rates of decay. 
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WCRP stream two; TOGA 

The main activity in stream two is the TOGA (Tropical Ocean 
and Global Atmosphere) project* TOGA will cover all aspects of 
seasonal variability and water mass conversion relevant to WOCE 
in the tropics. It is recommended that WOCE should not seek to 
duplicate measurements planned for TOGA. The two ‘programmes 
should be integrated in the tropics, which cover nearly half the 
World Ocean, As a general policy, the WOCE scientific steering 
group should identify measurements required in the tropics and 
seek to have them included in the TOGA programme. it seems 
unlikely that that policy would lead to any unwelcome extras for 

TOGA with respect to seasonal variability and water mass convers- 
ion. 

The WCRP Cage proiect 

Originally planned as a separate programme to improve meas- 
urements of the surface energy flux on the scale of an ocean 
basin, the WCRP Cage project has now been subsumed within WOCE. 
Estimates of mean surface fluxes will be derived from transocean 
heat flux measurements, and from the external budget method 
pioneered by Oort & Vender Haar . A ship-of -opportunity XBT 
programme is needed to determine changes in the upper ocean heat 
content in support of those aspects of the Cage programme. An 
attempt will be made to increase the accuracy of energy flux 
estimates from the bulk method by using systematic satellite data 
(scatterometer & IR radipmeter) . WCRP radiation experiments 
(ERBE & ISCCP) are significant contributors to these cage activ- 
ities. The question of whether all components of Cage need to be 
made simultaneously with WOCE is open for discussion. 
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i_. PROPOSED AgTTnMc 


We now make a first attempt to see how the woce ■ 
with regard to seasonal ^ ^®^uirements 

be achieved takinq into conversion can 

uj:r;;rrr 


Class 

Class 

Class 

Class 

Class 


Class 6 


Class 7 
Class 6 


Class 9 


systematic global monitoring by satellite 

Random global monitoring by drifter 

Ship of opportunity campaigns 

Coast-coast sections by research ships 

Monitoring at critical sites (straits, sills front,, 

by moored instruments, tomography etc 

Pre-WOCE studies (a) modelling' 

WOCE monit experiments 

WOCE monitoring of longer term variability 

Other WCRP experiments 

(e.g. toga, cage, SECTIONS, PATHS, MIZEX, etc) 

Other non-WGRP activities (e.g. WWW, SCMWF) 


The proposed actions are presented under five headings 


1 . 

2 , 

3. 

4. 

5. 


seasonal variation of surface forcing 
Seasonal variation of circulation 
Seasonal, variation in the boundary layer 
Water mass conversion in the boundary layer 
water mass conversion below the boundary layer 






Seasonal variation of surface forcing 

(see also WOCE position paper by Crease) 

1. Wind stress 


Class 

1 

Scatterometer 

Class 

6b 

Calibration of scatterometer 

Class 

8 

TOGA for tropics 

SECTIONS in energetically active zones 

Class 

9 

WWW synoptic ship observations 

Heat flux 



Class 

1 

Scatterometer for wind in bulk formulae 
IR radiometer for surface temperature 

Class 

2 

In situ measurements of surface temperature 

Class 

3 

Dual IR radiometer for surface heat flux 

class 

6a 

Atmospheric boundary layer models 

Class 

6b 

Development of the dual radiometer 

Class 

8 

Cage 

TOGA in the tropics 

SECTIONS in energetically active zones 

Class 

9 

Global weather analysis by ECMWF 
ows and merchant ship reports 

Evaporation 


Class 

1 

Scatterometer for wind in bulk formulae 
IR radiometer for surface temperature 

Class 

2 

In situ measurements of surface temperature 

Class 

6a 

Atmospheric boundary layer models 

Class 

6b 

HEXOS for parameterization at high winds 

Class 

8 

TOGA in the tropics 

SECTIONS in energetically active zohes 

Class 

9 

HEXOS 




fill ~~nr"’(i ir"^r • 




Preeipitatinn 

Class 1 
Class 5 
Class 6b 
Class 8 

Class 9 

Solar 

Class 1 Visible radiometer 

Class 6 Further development of 

Class 8 ISSCP 


iiAcrowave 


Island rain gauges 

calibration of satellite measurements 
toga in the tropics 

SECTIONS in energetically active tones 
Global weather analysis by ECMWF 


parameterizations 


Seasonal v<ariation in circulation 


Gyre-scale circulation, basin 

Class 1 

Altimeter 

Class 2 

Surface drifters tracked by satellite 

Deep drifters tracked acoustically 

Deep drifters that pop up for satellite fixes 

Class 5 

Monitoring the Florida current 
( in progress 1983) 

Monitoring the Drake passage 

Monitoring the Greenland-Iceland-Scotland gap 

Class 6b 

Florida current (see 5 above) 

Fronts between 

avres 

Class 5 

Polar fronts by tomography 

Class 6b 

North Atlantic polar front now being explored 
by research ships 

Mesoscale variabilitv 

Class 1 

Altimeter 

Class 2 

Surface drifters tracked by satellite 

Deep drifters tracked acoustically 

Deep drifters that pop up for satellite fixes 

Class 6b 

Analysis of long term mooring data 
(e.g. NEADS) 

Seasonal olanetarv waves 

Class 1 

Altimeter 

Class 3 

XBT campaign 

(as used in analysis by Magaard, Mysak) 

Class 5 

Monitoring Eastern boundary source regions 

Class 7 

Annual cycle is only part of broader spectrum 

Class 8 

TOGA on the equator and tropics (El Nino) 
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Seasonal variation in t-h. 


l^er 


Heat content 

Class 1 ' 
Class 2 
Class 3 
Class 5 

Class 7 

Class 6 


Altimeter (steric component) 

surface drifters with thermistor chains 
AST campaign 

Along the equator {see TOGA below) 
special study in north Atlantic for Cage 
Decadal monitoring by tomography to detect 
ecular trend due to Co, pollution 
toga in the tropics 

sections in energetically active zones 


Freshwater content*. 


Class 5 Along the equator (see TOGA below) 

Class 8 TOGA in the'^oprcl ‘•"^"own 

SECTIONS in energetically active zones 


Class 7 
Class 8 


^ed layer temoerar,,..^ (H.B. hcrp stream n 

" Stream one activity) 




Class 1 
Class 2 
Class 3 
Class 5 
Class 6 

Class 7 
Class 8 

Class 9 


IR radiometer; microwave radiometer 
Surface drifters 

Ship engine intake ,n.b. needs calibration) 

the tropics (see TOGA below) 

Establish relationship between different 

methods of measurement 

Part Of WCRP stream one 

WCRP stream one activity globally 

WoJldT^T 

World Weather Watch ship observations 
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8. 

Vertical 

motion 

(from Ekman transport, 7 aeove) 




9. 

Sea ice 

(W.B. 

WCRP stream one activity) 


Class 

1 

Microwave r adiorae ter 


Class 

2 

Satellite tracked drifters 

on sea ice 

Class 

5 

Arctic and Antarctic sites 

to be chosen 

Cl as a 

7 

Important to establish secular change 
e.g. due to CO 2 pollution 

Class 

8 

WCRP sea ice programme now 
MIZEX 

being discussed 


water mass conversion in the boundary lay^r 
Solar heating 

Class 1 Visible radiometer (see "solar energy" above) 

Seawater turbidity from ocean colour monitor 
Class 4 Solar irradiance profiles 

Class 6a Develop parameterisation based on satellite 
data 

Class 6b Field work to support 6a 
Class 8 TOGA in the tropics 

Mnual range on E kman pumpino/suctinn 
(from "vertical motion" above) 

Annual maximum depth of mixed lay^^r 

(See also "mixed layer depth" above) 

Class 2 Surface drifters with thermistor chains 
Class 3 XBT campaign 

Class 4 Oxygen profile for Reid's method 

Thermoclinicity for Woods's method 
Winter profiles, if there are any 
Class 5 Annual sections across sites of central water 
formation to use Reid/Woods methods 
Class 6 Develop the above methods of determining the 
depth of winter mixing from summer data 
TOGA in the tropics 


Class 8 


M_ixed layer salinity 


Class 1 Passive microwave (?) 

Class 2 surface aritters with conductivity 

Class 3 Thermosalinograph; bottle sample calibration 

Class 5 Tropics by TOGA (see below) 

Class 7 At selected stations (OWS ?) 

Class 8 TOGA in tropics 

Mixed layer depth 


Class 2 
Class 3 
Class 5 
Class 6a 

Class 6b 
Class 7 


Class 8 


Surface drifters with thermistor chains 
XBT campaign 

Ocean Weather Stations 
Develop boundary layer models that can- 
predict mixed layer depth 
Support 6a with field experiments 
Investigate space-time statistics of the 
annual maximum depth of the mixed layer. 

(see below "water mass conversion in the BL") 
TOGA in the tropics 


Geos trophic transport 
Class 1 Altimeter 

Class 2 Surface drifters tracked by satellite 

Class 3 Doppler acoustic current profiler 

Class 4 Doppler acoustic current profiler 

diagnostic modelling of WOCE data set 
Class 5 Polar fronts 

(tomography ?) 

Class 8 TOGA in the tropics 


Skman transport 

Class 1 Scatterometer 

Class 5 In the tropics: see TOGA below 

Class 6a Explore consequences of aliasing weather 

Class 6b Field work to support 6a 

Class 8 TOGA in the tropics 

Class 9 Global analysis of surface wind stress by 

ECMWF and other global meteorological centres 
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WatQf mas s co nvQfsi on b elow t h6 bounda ry lav6r 

!• Billow turbulence due to internal waves 

Class 4 Profile of Brunt-Vaisala frequency if K=K(N) 
Class 6 Invite SCOR WG69 to organise a programme of 

inicrostructure and finestructure case studies 
to establish parameterizations 


2. Billow turbulence due to geostrophic shear 

Class 5 Equatorial undercurrent 

Class 8 TOGA 


3. Double diffusive convection 


Class 4 
Class 5 

Class 6 


Density ratio (as used by Schmitt) 

Sections along subduction trajectories in the 
Warm water sphere (central water) 

Further experimental studies to establish 
parameterization of diabetic fluxes associat 
ed with double diffusive convection 
(SCOR WG69 ?) 


Double diffusive intrusions at fronts 


Class 5 


Class 6 


Baroclinicity & thermoclinicity at major 
oceanic fronts 

(see also "fronts between gyres" above) 
Experimental studies to develop par^meteriz- 
ations of the transport effected by double 
diffusive intrusions in terms of frontal 
baroclinity and thermoclinicity 
(SCOR WG69) 


Benthic bounda ry layer (No activity within WOCE) 


6- Continental shelf processes (No activity within WOCE 
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5_. coNcmsiQM 

This paper has briefly reviewed the atate-of-the-art in two 
t ernes relevant to the World Ocean Circulation Experiment, namely 
^ onal var.atxon and w^er .asa conversion. „0CE re.uIre.enL 
th respect to both those themes have been identified and 
proposals have been made about how to satisfy those requirements 

taking account of existing ideas for a WOCE observing scheme and 
Other related experiments. * 

variation has been taken to include both the mean 
cycle (comprising the annual wave and its harmonics) determined 

vlrTab-lir'r iater!an„::i 

scale mix nl aT"r"' " S^^^Hlation (including meso- 

le mixing and planetary waves) and in thermohaline ,na 

. if^l Tn repress— Significant fa ^3 

both because they force such changes, and also 

the plliet T"'* ocean-atmosphere models of 

variaf system. Many aspects of these seasonal 

variations can be monitored directly by observing systems propos- 

oL to improve method- 

ology. The following cases present the most difficult problems 
and deserve special attention: 

S urface fluxes 1 . evaporation and sensible heat flux 

2 . precipitation 

3 . total heat flux (from dual IR radiometer 

on ships-of-opportunity) 

Bqu Mary layer 1 . freshwater content from ships-of-opport. 

2. surface salinity from satellite microwave 

3. mixed layer depth, especially in winter 

water mass conversion is one of the central themes of «0CE. 
strategy is to collect large-scale si-naturos of water mass 
conversion appropriate for future use in diagnostic models of 
the general circulation and in prognostic models of climate 

possibi it 

P Sible to Identify prime candidates for such large-scale sign- 
atures. The following have, been di, cussed in this paper: 
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In , the seasonal bound;.ry l aye^ pf 

1. the vertical profile of solar heating 
. the annual vertical displacement by Ehman pumping 
3. the annual maximum depth of the mixed layer 

Below the bou ndary l 

1. the vertical profile of Brunt-Vaisala freguency 

2. the density ratio (as in the T-s diagram) 

. rental baroolinicity and thermoolinicity 

Further research is needed to estahn<=h ^ , 

ations based on these lar« ^ useful parameteriz- 

wn tnese large-scale sianature^ • 

'rr-"' " 

signatures are beina j large-scale 

to processes that effect water Priority should be given 

boundary layer of the ocean, 

water sphere and third tn t-w ■ y ° those in the warm 

that is the order of their ir "t 

atream three. " prediction for WCRP 

«0CK r/Vol rnTe"t?oplc""'r -.^irements of 

(including inter-annual variabmty"aT"deV'° variation 

mass conversion, especially in the boundary Tayeralde""" """"" 
undercurrent. it is ^ ^ ^ •‘■ayer and equatorial 

all these activities in th ^t ^ Project take over 

on higher latitudes -°CE to concentrate 

lished to ensure tha't all „oc -bab- 
ies. ' """ requirements are met in the trop- 


n «iiniiar 


arrangement might be aDD^onr 1 a^.^ ^ 
variation and water mass conversion 1 ^ 00 ^ ^oasonal 

ice is important cons in ^ waters, where sea 

appropriate links with MIZE^^^flr t^r^ establishing 

WCRP Antarctic sea ice project. 
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Fig. 2 

Fig. 3 
Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 
Fig. 8 


CAPTIQMS 

Seasonal variation of sea surface temperature. 
Sensitivity to seasonal variation in weather. 

Model calculation using Bunlcar monthly mean data. 

Meridional variation of the maximum penetrations of: 

(1) solar heating (10MJ/m»y a 100 MJ/m>y) 

(2) the mixed layer in winter 

The seasonal variation of processes in the boundary 
layer shown schematically. 

The spring accumulation of fresh water in the upper 
ocean measured at one kilometre intervals along a 
2.5 Mm batfish section between the Arores and Greenland 
Note the transition from excess of evaporation over 
precipitation in the south to the opposite in the North 
also the effects of advection at the polar front. 

The seasonal variation of mixed layer depth. Diurnal 
maximum and minimum for constant weather at a site 
where the net annual surface energy flux is zero. 

A typical temperature profile showing in which D the 
annual maximum depth of the mixed layer is marked by an 


Reid-S (1982) map of D (the annual maximum depth of the 
mixed layer) baaed on oxygen measurements. 

Maps of D from various authors. 

a. Zubov 1978 

b. Robinson, Bauar & Schroadar 1979 

c. Levitus 1982 (based on a temperature criterion) 

d. tevitus 1982 (based on a density criterion) 
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Fig, 9a 

Fig. 9b 

Fig. 10 

Fig. 11 

Pig. 12 

Fig. 13 
Fig. 14 

Fig. IS 

Fig. 16 


The meridional 
ity elbow in a 


variation of D shown by the haloclinic- 
summer hydrographic section. 


The individual profile, from which this section was 
constructed show no clear elbow marking D. 


Variation in the annual 
OWS ”C" (Rodewald 1983, 


mean mixed layer temperature 
unpublished) 


at 


Seasonal mean and interannual variation 
salinity at North Atlantic OWS (Taylor & 


in mixed layer 
Stephens 1980) 


me relationship between mixed layer temperature and 
upper ocean heat content (Gill & Turner 1976). 


Seasonal variation of sea ice around Antarctica. 

Estimates of turbulent mixing in the equatorial under 
current baaed on microstructure measurements 
(Gibson 1983) 


The dependence of salt eddy diffusivity on the density 
ratio R, and the apparent diffusivity of R. 

(Schmitt 1981) 


Schematic illustration of cross-frontal 
to thermoclinic sloping convect 
(Garrett 1982) 


intrusions due 



Fig. 1 seasonal variation of sea surface temperature. 

Sensitivity to seasonal variation in weather. 
Model calculation using Bunker monthly mean data 
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Fig. 2 



Meridional variation of the maximuin penetrations of 

(1) solar heating (10 MJ/m^y & too MJ/m^y) 

(2) the mixed layer in winter 
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The seasonal variation of processes 
. layer shown schematically. 


in the boundary 


Fig. 3 
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Fig. 4 


The spring accumulation of fresh water in the upper 
ocean measured at one kilometre intervals along a 
2.5 Mm batfish section between the Azores and Greenland 
Note the transition from excess of evaporation over 
precipitation in the south to the opposite in the North 
also the effects of advection at the polar front. 
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ig. The seasonal variation of mixed layer depth. Diurnal 

maximum and minimum for constant weather at a site 
where the net annual surface energy flux is zero. 
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Fig. 8 Maps of D from various authors. 

a. Zubov 1978 

b. Robinson, Bauer & Schroeder 1979 

c. Levitus 1982 (based on a temperature criterion) 

d. Levitus 1982 (based on a density criterion) 
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Figure 2 a 
Figure 2 b 



Figure 4 

Station Alpha: inttranmiol oaria- 
non of salinity (unbrokan lint) and 
(dotted lint) by sea^ 
*0"- The correlation coefficients 

*«"Pe- 

r included 

^ ^0*05; •• P<nnf* 

•••F< 0.001). 


Fig. 11 


Seasonal mean and intera. :,ual variation in mixed layer 
salinity at North Atlanti : OWS (Taylor & Stephens 1980) 
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Ftc. 6. The dependence of sai( eddy diBusivity on for iht 
model caJculatioQi. Also shown is ihe apparent diffusivitv fc-*’ 
>?.. (r - R,)^A,iaR^ 


Fig. 15 


The dependence of ealt eddy dxffuaivity on the density 
ratio R, and the apparent diffusivity of r. 

(Schmitt 1981) 
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Ra 1 Schematic (a) of double^ffiuive intrusions across a th.^^ 
front, with «l: fingen from the saltier watm^siSS 


Fig. 16 


Schematic illustration of cross-frontal 
to therraoclinic sloping convect 
(Garrett 1982) 
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Appendix 


Deep.Se. Rewch. 1973. Vol. 20. pp. ]41 lo 177. Pergunoa Prew. 


Printed in Great Britain. 


The theory of the seasonal variability in the ocean 
A. E. Gnu.* and P. P. NnLERt 

(Received 31 May 1972; in revised form 30 August 1972; accepted 5 September 1972) 

“ *= North 

of transport through the Florida StraiM tumhc* »h- “*?''Oo^bute much to seasonal changes 

SSL—eSfSE 

are other, less unportani, stenc changes (usually l«s than lO VI rfin* m . ' . , •There 

spoMt at low latitudea, white the reverse is me^t’ Wah^ttodS''?^ •’"ottopic re- 
al 30”. Fourthiy. there is a tidal armpooeoi^L m 19 ^ r 

1 y^ artd an ampUhide of a few ntm whicn will be dte^tSd’hTr^' ^ ^ 
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A World Ocean Circulation Experiment 


Prepared for the "Workshop on Global Observation and 
Understanding of the General Circulation of the Oceans" 

National Academy of Sciences 
Woods Hole Study Center 
Woods Hole^ Massachusetts 

August 3-12, 1983 





Carl Wunsch 

Massachusetts Institute of. Technology 


Following is a very rough, and obviously incomplete, draft of 
a description of a possible global ocean circulation experi- 
ment. I have combined elements of the Tokyo report, with 
Appendix III of the CCCO Meeting Report Number 4, along with 
purely personal ideas, in an attempt to show the scope of such 
a program. If we are to proceed with something like WOCE, then 
a much improved, complete version of a document such as this 
will have to be prepared. 

For the present time, I emphasize the rough draft nature of 
vdiat follows, and the fact that it has no official standing 
whatsoever. 


Carl I. Wunsch 
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preliminary draft 16 JUNE 1983 

A World Ocean Circulation Btperinent 
1. Introductory Suiwary 

The past decades have seen 

. ”^e toward understanding of 

the ocean circulation. Much of 

, , progress ha. occurred under the iapact of 

technological innovation. In th» j a< 

In the decades following World War II the 

oceanographic coamunitv has 

^ order picture of the „ior 

3 ca and dynaaical eleaents of the fluid flow. Geophysical fluid dyn«.ics 

— 

e roa a long liat of novel instruaentation aade avail.hle under the 
lec ronics revolution. Xhe coaputer has aade possihle both the h«.ling of 
the large data quantities generated hv hh 

i^orruaenta. and the creation 

numerical models of entire ocean basins. 

::::: - »» ™ 

ments were too crude to even contemplate the program described here. 

or as a result of several parallel developments, we argue that the time h«. 

oo.e to mount a truly global e^eriaent to observe and understand the ocean. 

We mention only three: I") Tho i 

took ad «hi=h 

antage of the newly developed instrumentation for time series of 

ohservations alaost everywhere in the ocean, have aade clear the proble, of 

-Pling the ocean. Programs such as HODg-1. OWKA. ,goS. ... ■ 

rhat the ocean is time variable on all measured temporal scale, and is 

energetically dominated by comparatively small spatial scales. Ihe result- is 

n erstcnding of the msgaltude of the problem of adequately obsei^ing the 

ocean, along with considerable knowledge of the a«.nlln 

s r cne sampling requirements that 

must be met. 
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2) The continued developaent of new technologies for observing the ocean. 

Here we would emphasize newly emergent techniques (described at greater length 

below) which make it possible to observe the ocean on the global scale, while 

at the same time meeting the sampling requirements newly raised in the recent 
past. 

3) A general understanding that because Che ocean is a global fluid, it must 
be observed on global scales and that societal concerns about the ocean, some 
of which have become urgent, can only be addressed globally. (We refer to the 
raport by the National Academy of Sciences, 1966, providing the rationale for 

what became of the Global Weather Experiment as an analogous situation in 
meteorology) • 

The idea of a World Ocean Circulation Experiment thus represents a 
confluence of these three trends: the recognition, as a result of vast 
scientific and technical progress of 40+ years of the great difficulty of 
observing the ocean; that this same progress has brought to hand the 
possibility for a solution to the observational problem; and a renewed sense 
that understanding of the ocean la of considerable practical importance. 

What follows is an outline of a World Ocean Circulation Experiment 
(HOCE). a number of goals of varying degree of difficulty of achievement are 
listed. Some approaches to these goals are described, as are a number of 
Potenti^ elements of the program. The general theme of the program is that 
present understanding of the ocean circulation is predominantly limited today 
by a lack of observations. Much of WOCE (or strictly speaking, the problem of 
designing WOCE) la directed at remedying the paucity of observations. But the 
observational program is constructed around detailed theoretical knowledge of 
how the ocean circulation probably works. Deployment and ultimate use of the 
WOCE observation systems and data is dependent upon theoretical and modeling 
efforts; observational and theoretical elements ace inseparably linked. 
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2. Primary Goals; 

The overall goal of WOCE la to greatly Improve understanding of the 
general circulation of the world oceans. ^Chln this general goal 

are a large number of more specif ic . goals among which^wc identify: 

1) ^antltative determination of the long-term average oceanic fluxes of heat. 

fresh water, of bio-chemical tracers, and of man-induced tracers such as 
fluorocarbons and tritium. 

2) Determination of the annual and Interannual fluctuatuions in these and 
Other fluxes. 

3) Determination of the primary fields of air-sea coupling, including 

wind-stress, air-sea heat and moisture fluxes, their multi-year means and 
their annual and interannual variability. 

4) Understanding of the oceanic responses to imposed changes in air-sea 
forcing functions. 

5) Determination of the oceanic rate of uptake of atmospheric gases (CO 2 , 
fluorocarbons ) , 

6) Determination of the space and time scales, and energy levels of oceanic 
mesoscale variability. 

7) Determination of the nature and Importance of oceanic variability on middle 
(large than mesoscale) and basin scales. 

8) Improved understanding of the nature and rates of oceanic mixing including 
convective overturning (water mass conversion rates). 

9) The production of quantitative tests of the validity of ideas concerning 
the primary dynamical balances governing large scale oceanic motions. 

10) Design of an effective and economical system for measuring and monitoring 
the ocean on climatological scales in the period following WOCE. 
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These goals siaultaneously served a number of important concerns: 

(1) One of the major goals of the World Climate Hesearch Program (WCRP) 
is to understand Che role of the ocean In determining our present global 
climate, its role in fluctuations of the climate state, the rate at which the 
ocean will absorb the current CO 2 transient, and the way in which the ocean 
will respond to changes in atmospheric circulation under the CO 2 Induced 
warming. 

(2) Hie general problems of the physical oceanographer in trying to 
understand what the general circulation of the ocean is and what are its 
dominant physical mechanisms » 

(3) The need to understand the general circulation of the ocean in 
adequate detail to predict the fate of wastes in the ocean over very long 
time-scales with particular concern for potential high level radioactive 
wastes. 

(4) Important issues concerning the biological cycles in the ocean are 
probably unaddressahle until there is vastly greater understanding of the 
physical and chemical environment in which these cycles occur. 

The design of WOCE is based upon the belief that these and other 
important problems are all best addressed through a comprehensive, multi-year, 
program to observe the global ocean circulation and its changes. Such a 
program is proposed for the late 1980 's to early 1990 's because of the 
confluence of several factors : 

1) Much increased understanding, from research of the past several 
decades, of the nature of the ocean circulation, and reasonably complete 
understanding of the temporal and spatial sampling Issues. 
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““ iKasurements at arbitrary depths 

in the world oceans . 

3. .d. d...,.„.„ „ 

motion, 

» U ». d....o,™„ „ ,„ 

determlnacion of chemical tracers. 

.) -Vi,™... .. 

the primary fcrclag fccctlon (scatterometers). 

6) The realisation that most of the Important problems mentioned above 
ere unanswerable without such a program. 

^servational Foci! 

1) The fields of surface forcing as detennined by 

scatterometers (anticipated spacecraft are the European 
"“ "-3- -V. MOSS, 

ure fluxes based upon Improved atmospheric modelling efforts and an 

upgraded surface ohservatlonal system using drifters In otherwise nnoovered 
regions, 

« «» .0 

boundary condition) determined by 

llite altimeters (anticipated spacecraft are ERS-i and the U.S. 

NASA Topex Mission) 

b) Tide gauge network on coasts sad oceanic islands 


342 


3) Global hydrography from ships uang both highest quality CTD observations 
plus developing free fall instruments from "research ships of opportunity" to 
provide both a climatological T-S data base plus continent to continent, 

top-to-bottom section for use with dynamic method and ancillary observations 
and models. 

4) Global measurements from ships (probably combined with hydrographic 
measurements) of light" l.e. small sample, chemical tracers, including 
tritium, fluorocarbons, oxygen, nutrients... These observations, along with 
the hydrography provide the primary observables representing the integrated 
(i.e. time-average) behavior of the ocean circulation. 

5) Global, but sparse observations of "heavy", i.e. large water sample, 
chemical tracers such as carbon-14 as part of the determination of 
time-integrated oceanic behavior. 

6) Global, but sparse, determination of the dominant source-sink terms of the 
bio-geochemical tracers involving transfers to and from the seafloor and 
continental margins by sediment traps etc. for purposes of using the tracers. 

7) IHrect observations of the flow fields over large areas for long time 
periods by "clouds" of ns^itrally buoyant floats and surface drifters, both 
communicating directly with satellites. 

8) Measurements of large areal averages for long times, of heat content, 
velocity and vorticity and potential vortlcity through moored acoustic 
tomography arrays. 

9) Ship of opportunity programs involving near-surface velocity measurements 
through acoustic backscatter and of direct near surface density field through 


xbt *8. 
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10) A fe«, special, regional foci involving ahlpa, conventional moored current 
meters, floats, temperature recorders, tide gauges and other in situ 
instrumentation. These regional foci would be chosen as those places where 
local knowledge had direct and Immediate impact upon knowledge of the larger 
circulation scales. Candidate regions are the overflows of the northern North 
Atlantic, convecting regions of the North Atlantic, the flux through the 

Florida Straits, or the flux of the Kuroshlo and other western boundary 
currents, the Drake Passage flux, etc. 

Modelling Foci 

Several different types of modelling effort will be important to WOCE. 

By the time of the major field effort we expect to have available eddy 
resolving basin scale general circulation models with good parameterization of 
non-adiabatlc processes. We already have global scale general circulation 
models with thermodynamic components. Both types of models, and anticipated 
hybrids, wcnld be used with the WOCE global forcing functions (winds and 
surface pressure boundary conditions) and with the Interior observations of 

velocity, temperature, vortlcity etc. "assimilated" into the models for 
analysis. 

A special sub-set of these models will be those used to study chemical 
tracers. As already noted, the tracer observations are directed at the 
near-zero frequency behavior of the ocean. As with the other observables, but 
with different emphases and techniques, the observations will be used with 
models in various modes and methods ("assimilation", "optimal estimation", 
inversion", etc.) to make inferences about oceanic physics. 

We expect that analytical and semi-analytical modelling will become very 
much more active than in the past, under the impact of both the observations 
themselves and from inferences from the numerical models used in 
conjunction with tha observations. 
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For reasons (technical) discussed below, WOCE will include major 
numerical tide and gravity field modelling efforts. 

5. Timetable 

The major field effort in WOCE will be timed to coincide with the flight 
of at least one altlmetric and one scatterometer mission. At present, the 
period envisioned is 5 years beginning in early 1989. A 5-year period for 
Intensive observations has been chosen for a number of reasons. It is a 


period of sufficient duration to yield good estimates of 


the time average 

circulation, several realizations of the annual cycle, and of the interannual 
variability. It is also consistent with, maximum expected lifetime of 
spacecraft missions (e.g. five years for Topex) and is of adequate duration to 


permit global surveys by ship without overburdening the research institutions 
in any given year. 


A number of WOCE efforts must however take place prior to the intensive 
field phase. Much of the technology described above is still in the 
development phase; it must be tested and made sufficiently reliable in the 
years between now and 1989. WOCE will need numerical models of types that do 
not now exist, but which are under development-developments that need to be 
accelerated. Many other programs (e.g. the U.S. Transient Tracer Experiment) 
are already occurring and will provide "reconnaissance data" for the detailed 
planning of the intensive field phase. 

6. Scope 

The emphasis within WOCE is on the global scale. As with any fluid 
system, complete understanding can only come when all energy dominant 
components are measured and the system is not energetically open. The global 
scale is beyond the reach of existing consortia of oceanographers and access 
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to it is the only justification for creating a large international scientific 
program. Existing organizations are fully capable of mounting regional 
studies. The global scale requires a higher level of collaboration, and the 
use of resources, such as satellites, which involve governmental bodies at 
high levels. WOCE is envisioned as supplementing, not replacing , existing 
arrangements and programs. Inevitably, there will have to be some redlreotlon 
of effort during the main field program of WOCE (financial and human resources 
are both limited), but regional and process oriented oceanography will remain 
Importanc elements of the science, 

7* Elaboration on Observational Foci 
7. 1 Surface Forcing— Winds 

To the extent chat Che ocean circulation is taken as decoupled from the 
atmosphere (l.e. ignoring the feedbacks of the ocean on the atmosphere) the 
circulation is forced by winds and by air sea transfers of heat and 
freshwater. Over most of the ocean it is not Che wind stress itself but 
rather its curl that is the dynamically crucial quantity; the tropical 
regions are an exception. At the present time, in order to determine the 
forcing by wind, oceanographers are forced to rely primarily upon crude 
shipboard observations. These observations are mostly confined to major 
shipping lanes, are of uncertain quality and are subject to a bias because 
ships tend to avoid regions of high winds. Thus extant estimates of the wind 
field over the sea are crude climatological averages taken over long times and 
over large distances. It is impossible to make valid estimates of what the 
stress la in any particular month of any particular year - a situation that 
becomes Intolerable when one seeks Co understand the state of the 
Circulation at a specific time. 


ocean 
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The situation for estimating the.rmodynamlc forces is even worse. 
Evaporation and the transfers of latent and sensible heat between the ocean 
and atmosphere are normally based upon so-called bulk aerodynamic formulas 
Which involve empirical drag coefficients, the wind speed to some high power, 
and often such Ill-determined quantities such as air-sea temperature 
differences. Some critical quantities involve estimating cloud 
cover -notoriously difficult to observe (Charnook et al., 1982 discuss some of 
the problems). But improvements in Che wind field estimates would go far to 
reduce the uncertainties in many of the most important transfer processes. 

Thus obtaining estimates of the wind stress over the sea so that the mean 
and variability of the major forces acting upon the ocean may be determined 
must be a major goal of any global circulation experiment. The stress must be 
determined to a fractional precision better than other elements in the system 


to minimize uncertainties in any comparison of model performance with 
observations. The need is for seasonal evolution of time averaged stress for 
a few typical years; the spatial resolution should be appropriate to the 
structure of this time averaged stress in specific regions and is typically in 
the range of a few hundred to one thousand kilometers. The strategy for 
meeting this requirement involves a satellite-based scatterometer in 
conjunction with a programme for systems in situ (both wind speed and surface 
pressure distributions). Given an instrument relatively free of directional 
ambiguities, and excepting unsuspected sources of systematic error which may 
become apparent as the physics of the relationship between backscatter cross 
section and surface wind become better understood, the residual uncertainty 
after averaging large numbers of observations should be less than ±10Z or 
0.5 m/s in the vector wind, whichever is larger. Such overall system accuracy 
would yield a major Improvement over current knowledge. Important next steps 
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ar. the definition of the oheetving eyete.-e Intenco.patison progre^te, and 

anaiysis of the potential i„pant of biases introduced in the resolution of 
directional ambiguities and by undetected rainfall. 

7*2 Surface Forcing — Heat Flux 

The sea surface temperature is a significant variable in the context of 
modelling ocean/atmosphere interactions only if accompanied by knowledge of 
the net surface heat flux and its sensitivity to sea surface temperature 
Changes on various scales. The field of net heat flux coupled with this 
sensitivity constitutes another fundamental forcing for the general 
Circulation of the ocean. This forcing is poorly known, yet it is central to 
the overall understanding of ocean atmosphere Interactions. 

Some of the components of the heat flux can be determined better than 
ethers. A particular problem concerns the evaporation rate, one of the 
largest components. Even under favorable observational circumstances, there 
are significant uncertainties in current methods of determining this on a ' 
large scale and the prospects for significant improvement in present knowledge 
of the evaporation rate over the globe by present techniques are poor. It is 
a high priority matter to develop observational techniques in order to make 
better estimation of net evaporation possible, 

7. 3 Surface Forcing— Moisturp Flux 

Because it cumulatively affects the salinities of the upper layers, and 
hence preconditions water masses for convective overturning, net »lsture 
flux (evaporation minus precipitation) is also a fundamental forcing and the 
evaporation rate is a major uncertainty in -he net surface heat flux. 
Unfortunately, over oceanic areas the cumulative precipitation is probably 
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eve. less «ell known than the evaporation and the net difference is uncertain 
to perhaps a factor of two over wide areas. 

The designation of flo as the desired accuracy for surface heat flu. 
(aee the Cage Report, WCP-22) if applied to the component associated with 
atmospheric moisture divergence alone, implies a net moisture flux of 
15 cm/y. If attainable, this would be a very useful measurement. The 
prospects for dramatic Improvement by traditional approaches are poor and a 
apectrum of radical new strategies needs to be explored. The need is great. 

One possibility is to infer the net surface moisture flux directly from 
the atmospheric moisture flux divergence over large areas, using an 
atmospheric assimilation model strengthened by direct observations of 
vertically Integrated preclpitable water (which have been obtained on a pilot 
basis from a satellite-based microwave radiometer), coupled with the maximum 
available information about the low-level wind field (e.g. . from cloud winds). 

This approach could be tried using existing data archives but does not appear 
Co have been given major attention. 

7.4 ^ of Surface Topography 

In seeking critical observables for understanding the ocean on a global 
acale, one is faced with many important physical constraints. The size of the 
ocean means that the physical variable must be observed globally; whatever one 
chooses to observe must have some directly computable relationship to flow 
dynamics; finally the variable should not be overly sensitive to unobservable 
local physics. The global scope necessarily drives one toward satellite 
techniques, but the ocean is opaque to electromagnetic radiation, and whatever 
one could hope to measure will be a surface variable. The sea surface has 
-any measureable physical propertles-.oughness, color, dielectric constant, 
temperature, elevation. Roughness can be measured in a variety of ways 
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(synthetic: aperture radars, seatterometers , altimeters). Suitably 
interpreted, roughness provides a measure of the stress acting on the ocean by 
mosphere and is the basis for the use of seatterometers for inferring 
the mind stress. Thus (apart from Isolated problems like internal „ave 

-dulation Of the surface) roughness is primarily a measure of ho. the ocean 
is being forced, not how it is responding. 

Infrared temperatures (IR) of the sea surface have been measured longer 
than any other space observable. With suitable accuracies these are very 
valuable measurements both for providing boundary conditions upon atmospheric 
models .here the ocean temperature is a boundary condition, and for showing 
the enormous compleslty of near-surface physics. But as a tool for 
understanding the ocean. IR (and the more recent microwave measurements) do 
not have great promise for fulfilling the need of those examining the 
circulation, although the measurements are important~on large scales-for 
understanding air/sea heat transfers. The reasons are several: a) the 
temperature measured is that of the upper fraction of a millimeter of the sea. 
b) this temperature seems to be not easily related to the circulation even a 
few meters below, because much microscale physics operates at the sea surface 
not easily related to the larger scale, deep flows. 

Ocean color is measured down to an optical depth of several meters and is 
a reflection not only of the large scale circulation but also of surface 
temperature, biological productivity and sediment transport. It contains all 

bhe complexity of the surface temperature measurement as well as the added 
complications of biology. 

Surface elevation emerges as a uniquely useful variable in this context; 

1C is described at some length by the Topex Science Working Group. 1981. 
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There are a number of reasons for this: a) Surface elevation is a dynamical 
variable and can be treated directly as a boundary condition on the large 
scale flow (along with the wind stress or windstress curl), b) Near surface 
flow processes, often of great compleicity, do not show up to first order as 
pressure, i.e, surface elevation changes— surface elevations primarily reflect 
the largest scale (quasi-geostrophic) flows below the top 50 to 100 m of the 
ocean, c) Altimeters are not limited by the presence of clouds, d) (related 
to (b)) the slopes of the sea surface topography immediately provide the 
geostrophic velocity which is directly related to solving the oceanographer's 
infamous level of no motion problem. 

Experience with altimetric satellites (and with existing arrays of island 
tide gauges) support the idea that altimetry is capable of providing a global 
determination of variability on all time and apace scales , and of providing 

the time average sea surface topography (the pressure boundary condition) on 
large spatial scales. 

7. 5 Chemical Tracers 

Chemical tracers are extremely diverse; they come in moat combinations of 
stable/unstable, transient/ steady-state , conserved/non-conserved , dynamically 
active/passive. Tne use of salt and temperature as dynamically active, 
stable, steady, sometimes conservative, tracers goes back for more than 150 
years. At the opposite extreme fluorocarbons are of very recent use and 
represent a transient, conserved, stable, dynamically passive tracer. 

Broeefcer and Peng (1982) summarize what is known about most tracers that have 
been found useful in studying the ocean circulation. 

Much of what is taken as conventional wisdom about the long-term time 
behavior of the ocean circulation is based upon the descriptive properties of 
chemical tracers. The writings of Wust are typical of the sort of argument 


351 


.ha. is .aken for gran.od by ooeanograpbers ; .hey are based upoa .he 

.saer.doa .ha. .he gross dis.riba.ions of .ppable proper.fes per^. robes, 
n ereeces abou. .he overall ^ve.en. of „ater in .he oeean. 

assume .he WOCE operates a :oajor field program for 3 to 5 years 
hhan ..h the e.oep.ion of the ohemioal tracers, all other observations ^ 
available can a. best describe the ocean during that 3 to 5 year period. 

-rren. meter or float or wind observations «iil yield instantaneous flow or 
-ing values and annual and in.erannual «a^ 

-.ng deductions abou. the ocean circulatuion and its behavior over decades 

to centuries and longer. Chemical tracers if „e h 

i-cacers. if we have the wit to use them 

OC..P .... .... 

- <•> ..... .... ..... . 

........ ... 

.. ....... .. ...... 

general circulation calculations suggest that the n ^ 

ggest that the primary limitation at the 

present time is the paucity of adeguate data over much of the ocean. 

A useful tracer has several characteristics. It should be easy to 

measure with adequate accuracy so that it x. 

y that it can be mapped in three dimensions 

and in time if it is not in steady-state); its chemistry should be simple so 
rhat uncertainties in its involvet.nt with global biogeochemical cycles are 
- .... „ 

hia point of view), its sources and sinks should be sufficiently 
different from ocher useful tracers that it provides independent information. 
Probably no single tracer is absolutely ideal; it is the possibility of 

tdghtly constraining the large scale time average ocean circulation. X major 
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component of WOCE Is to obtain observations on a global scale of the 

distribution of enough tracers to infer through appropriate s>odels the long 
term behavior of the ocean circulation, 

7. 6 Global Hydros^raphv 

Ocean basin scale surveys such as those carried out by the Meteor in 
1925-26, and in the North and South Atlantic during the IGY have been the 
heart of the data base for discussions of the ocean circulation. Such 
sections serve two purposes-they provide the basic InfotMatlon about Hater 

.ass distributions and properties, while at the sa^ ti.e giving (through the 
dynamic method) indications 

of the flux rates of water masses and, indirectly 

their conversion rates. 

At the present time, only the Atlan^■f/^ v 

y ne Atlantic has been covered by such deep, 

coast-to-coast surveys and dissatisfaction with ^hA 

accion with the coverage even in the Nort 

ntic has led to a recent program of augmentation there. 

would include an IGY scale survey of the global ocean, including 
those regions (South Pacific. Indian Ocean) historically poor in data. Such , 
survey (which would involve a total of about 10 research ship years spread 
over the duration of WOCE) simultaneously serves several purposes. 1) It 
provides the basic climatological distribution of water masses and dynamic 
topography for the use in circulation models (of very disparate types). 2) In 
the presence of an altimeter and scatterometer satellites, it provides for the 
first time a determination of the absolute wathr flux rates at one moment, 

3) Temperature, salinity, and the other chemical properties observed on the 
lines are the basic observables for malcing deductions about the nature of the 
circulation on a time scales greatly exceeding the WOCE lifetime, 4) We 
provide a baseline for the study, over future decades, for climatological 
fluctuations in the ocean. 5) Repeated lines provide the 


essential 
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information concerning the temporal fluctuations in deep ocean baroclinicity. 

Of special importance to HOCE are 9-S distributions where isopycnal 
aurfaces intersect regions of water mass formation by deep convection or 
Wintertime cooling and mining or where water masses are added by overflows in 
polar regions. Particular problems exist in defiing an "average" 8-S 
distribution in regions of sporadic wintertime vertical exchanges. This is of 

particular concern in the definition of large-scale mixing processes in terms 
of source water types. 

The accuracy and detail to which the interior e-S fields need to be known 
depends on whether the primary purpose is model verification or whether it is 
the estimation of derived quantities such as potential vorticity. M 

evaluation of the existing e-S data base for meeting the basic objectives of 
WOCE is needed. 


It is envisioned that the hydrographic program could be conducted on 
several levels. The research vessels of the primary oceanographic research 
institutions would provide a standard baseline of the highest possible levels 
of data quality. In order to cover the world ocean, it is expected that 
somewhat lower quality data, but more easily and cheaply obtained, would be 
provided by "secondary" research vessels. Intercalibration between both the 

primary and secondary data types would have to be very carefully considered. 

8. Elaboration on Modelling Foci 

Effective treatment of ocean atmosphere Interactions in discussions of 

climate system sensitivity requires quantitative models which are demonstrably 

realistic enough to be credible for the purposes at hand. Quantitative models 

of the ocean circulation fall into three broad classes, each with a crucial 
role in WOCE. 
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(i) Simple and highly idealized conceptual models with incomplete 

physics, which have nonetheless captured the essence of some aspect 
of ocean dynamics or thermodynamics, have made possible major 
advances in understanding the circulation of the ocean. The 
complexity of the climate system demands that this approach be 
pursued on a broad basis, particularly to guide thinking towards 
critical tests or developments of more elaborate models. 

(ii) General circulation models, on the other hand, simulate as many as 
possible of the relevant competing processes and form the pinnacle 
of comprehensive descriptions of the system. Because of practical 
limitations, there are at present two kinds of models: ocean 

general circulation models (without eddies), and eddy-resolving 
general circulation models. The first kind are designed to study 
the global structure of the circulation and the three-dimensional 
density structure. They include processes of water mass conversion 
and deep water production ;\heir major deficiency is Chat they must 
parameterize crudely a range bf physical processes (mesoscale 
eddies, high-latitude convection, vertical mixing) which may be 
vital to the climate application. The second kind of model 
explicitly Include mesoscale eddies (through very liigh horizontal 
resolution) and has had considerable success in accounting for the 
geographic structure of eddy variability and lateral mixing. Thus 
far, however, active water mass formation processes and 
thermodynamic interaction with the atmosphere have not been 
included, A marriage of these two kinds of models represents one of 
the major tasks of the next five years. This will, however, require 
computing capabilities substantially enhanced beyond those currently 
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being used. The, foci of the observational programme are designed to 
provide key information necessary for the development and verification 
of such a complete general circulation modei. 

(ili) Data assimilation models comprise the third class. With the latest 

generation of observing systems it is no longer appropriate to analyze 
data on each observed variable in isolation. Instead, assimilation 
procedures are required which Incorporate, to the extent possible, kno^ 
kinematic or dynamic constraints between variables. In this process, 
due regard must be given to the uncertainties and statistical 
interrelationships of all the observations to produce an Integrated 
Piuture of the state of the ocean, including inferences of variables 
Which are not directly measurable (such as large-scale vertical 
velocity). There are a variety of such techniques available at present, 


known as objective analysis, diagnostic models, and Inverse methods. 
During the coming decade they will become Increasingly sophisticated. 
Involving more dynamics and will be the interface in WOCE between the 
observational systems, on the one hand, and the conceptual and general 
nirculation models, on the other. They provide a vehicle for rational 
evaluation of data sampling and accuracy, and of the utility of their 


products as inputs to the models and in ^del testing and validation. 
Carefully fostered periodic intercomparisons between different 
assimilation models would do much to provide timely feedbacks on data quality 
control and observing system design issues, and to provide standardized 

products to focus attention on similarities and differences in model 
performances • 

In addition to the major streams of development discussed above, 
particular and more specialized modelling needs have been identified for WOCE. 
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They include (1) development of a highly simplified atmospheric model (or 
.odels) suitable for coupling economically to a variety of global ocean 
models, (11) assimilation models for geochemical tracers. (Hi) lanpy^nal 
outcrop models, (iv) other process or regional models Hth high resolution 
tailored to represent in detail the physics of particular regions and. 

(V) mixed-layer models capable of relating to observable signatures of 
processes such as late-^^inter convective overturning. In addition, the role 

Of sea ice on the circulation near the ice boundary needs further ■ 
elucidation. 

Aa general circulation models become Increasingly realistic, they win b 
uaed in observing systems simulation experiments. For example, vhereas 

critical decisions on the design of qatoin*- u 

ign of satellite-borne scatterometers in orbit 1 

1980s may have to be taken in the absence of simulation experiments, 

Sfudies of the sensitivity of global models to inaccuracies in the supposed 

surface wind stress could help in selecting regions for extensive 

intercomparisons with data from instruments in situ and in developing 

Sfrategies for coping with directional ambiguities or suspected bias in 

subsets of the data. Key considerations in such experiments are their 

relevance to real Issues in systems design and the timeliness and credibility 

Of the results. Early Involvement by all appropriate parties Is essential for 
a successful outcome. 

Developments are also needed In atmospheric assimilation modelling 
procedures, for the purpose of permitting Inferences of surface heat and 
tolsture fluxes over the oceans In places where reliable direct observations 
are inadequate or unavailable. All relevant Information (such as the location 
of cumulonimbus convection in the tropics, or the field of vertically 
Integrated precipitable water) must be brought to bear. 
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9. Commentary Upon Some of the Goals 

9.1 Ocea^ ventilation tj^ and rates of water mass conversion 

Ventilation time and water mass conversion are, in part, complementary 
concepts, which become identical only where advectlon into the interior of 
water modified by convection processes is clearly dominant over tracer mixing 
effects. Moreover, if the net water mass conversion is viewed with respect to 
a cross section such as the much studied one at 24"N in the Atlantic, it is 
clear that the ■•interior" domain may contain subregions of significant water 
recirculation, with associated mass conversions and related interior 
(self-balancing) heat flux convergences and divergences. 

Nevertheless, it appears that these concepts, used with appropriate 

caution and with careful definition, provide a useful perspective from which 

to examine processes related to climate. Two approaches have been identified 
in WOCE. 

First, the introduction of certain anthropogenic materials at the ocean 
surface provides useful tracers of ocean processes. The observed rates of 
conversion into the ocean interior, usually primarily along Isopycnal 
surfaces, provide direct estimates of the ventilation in the interior. These 
estimates depend on adequate information on the evolution of tracer 
distribution in the ocean interior and tracer concentrations in several 
regions. At present, these vary greatly in various regions of the World 
Ocean. Detailed analyses are needed to ascertain what future measurements of 
tracers will be moat useful to meet the basic objective of WOCE. Somewhat 
similar considerations concerning 8 and S are discussed above and the general 
usefulness of tracers is discussed in Section 4.1 of the Tokyo (1982) Report. 

Second, the question of water mass conversion may also be addressed using 
the Indirect physical approach. The best example, of this approach is the use 
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of hydrographic data from the 24°N section in the north Atlantic combined with 
estimates of the Florida Current transport in estimating the heat flux across 
that section. This use of section data combined with information on surface 
topography and direct current measurements in selected regions provides a 
powerful tool for estimating the transport of various water masses across 
tonal sections and the estimation of water mass conversion between sections. 
Detailed examinations of the best location of such hydrographic sections, the 
proper mix of other direct measurements, the accuracy of the required data 
sets and other related questions need to be further carried out in the context 

of the general objectives of WOCE, especially for those regions not now being 
extensively examined. 

j:*^^gs-scale signatures of water mass conversion 

Water mass temperature-salinity properties are changed by absorption of 
solar energy and by molecular diffusion. Significant solar heating is limited 
roughly to the top 100 meters of the ocean, though there is considerable 
variation with latitude, season, cloud cover, and turbidity of the water. 
Molecular diffusion occurs everywhere, but has a neglibible effect unless 
accelerated by small-scale shears associated with three-dimensional 
turbulence, which locally increases the temperature and salinity gradients. 

Most models of the general circulation include the assumption that 
three-dimensional turbulence is uniformly distributed below an energetically 
turbulent surface mixed layer which varies seasonally. On the other hand, 
models and observations of the turbulent kinetic energy distribution (which 
are admittedly limited both in number and global applicability) indicate that 
the distribution of turbulence is inhomogeneous and intermittent, with the 
majority of the ocean being in laminar flow at any instant. It is not yet 
clear how sensitive the general circulation models designed to predict water 
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ma.<,s properties are to this Inhomogeoeity and intemlttency in turbulence. 
Models designed to predict sea surface temperature and those concerned with 
the vertical distribution of temperature and salinity in the oceanic 
thermocline and along the Equator, however, are sensitive to the 
representation of variations of turbulence. 

The design of WOCE should include the collection of information from 
which to derive key indicators defining large-scale inhomogeneities that 
affect water mass properties. The choice of such indicators will depend on 
the detailed models of the processes involved, including solar heating, 
turbulent mixing in the upper boundary layer, and turbulent mixing in the 
interior. But because the aim will be to make a global climatological 
description, there is no question of surveying the processes in detail. 

Models of the water mass conversion processes give some indication of how 
one might proceed to identify key indicators suitable for surveying during 
WOCE. For example, it may be possible to calculate the profile of solar 
heating rate from satellite observations of clould cover (surface insolation) 
and ocean color index (diffuse attenuation index). The key indicators for the 
turbulent mixing in the upper boundary layer at high latitude may be the net 
annual Ekman pumping and the annual maximum depth of the mixed layer (in late ' 

winter) and the mixed-layer temperature and salinity at that time. 

9. 3 Seasonal Cycles 

The seasonal cycle of heat and stratification is the largest signal in 
the upper ocean and has considerable inter-annual variability. Its importance 
to WOCE lies in the fact that water mass conversions are highly seasonally 
dependent. Themocllne ventilation is controlled by the maximum winter depths 
Of the convective mixed layer. In polar regions, convection and formation of 
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sea ice may be strongly influenced by variations in the salinity of the mixed 
layer. The extent of deep winter convection may be affected by 
pre-conditioning of the surface layers by meaoscale eddies. 

Within the context of WOCE. some regions with known strong annual air-sea 
interactions will require seasonal observations of the upper ocean structure 
With instruments Globally, such regions can only be inferred from 

satellite observations through model response studies. That, in turn. 

requires a significant effort to Improve upper-ocean modelling for climate 
studies. 

The seeeonal variation of gyre-scale surface geostrophlc circulation has 
never been adequately observed, and observations which constrain models of 
this with an accuracy of ±1 cm/s (±10 cm sea level/1000 km) would provide 
important new information, 

9* 4 Variability 

Uttle is known about Che climatological spectrum of variability of the 
ocean over the WCRP time band (several weeks to several decades), and 
virtually nothing is known about Che regional variation of the spectrum. It 
is assumed Chat the spectrum Is broadband, with spectral peaks at the annual 
cycle and its harmonics, and that significant energy will still be present 
even at longer periods, Tnere will, therefore, be significant variability on 
timescales both shorter Chan and longer than the duration of WOCE. 

The longer-term variations will constitute a non-stationarlty of the 
system sampled by WOCE as a "snapshot" (albeit with a shutter open for 5 
years). There is a need to establish a long-term monitoring programme that 
will indicate how the WOCE snapshot relates to longer-term variability. Such 
monitoring will have to extend over a period an order of magnitude longer 
th^ WOCE, and concentrate on a few key variables in a few key locations. 
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Careful study must be fflvpn 

given to the specification of such monitoring and 

determining Its details must be a goal for WOCE. 

Variability on timescales shorter than the duration of WOCE can, in part 

be resolved, hut the remainder mill contaminate the WOCE data set hy aliasing’ 

or by non-synoptic distortion. Some observing systems, such as those based on 

^etellites. will offer many global surveys of the required measurements during 

fhe period of WOCE; the variability will be resolved within the spectral 

Window of such observations. Other observing systems, such as hydrographic 

sections that are collected only once in WOCE. alias or distort the 

variability on periods shorter than their own duration, and represent a 

(distorted) snapshot that samples the variability at one time within the 

duration of WOCE. Exploratory time series measurements will be needed to 
deCermilie the degree of «5amThi-fes™ 

sampling non-representativeness of such observations 
and the degree of error in them due to aliasing. 


. 3 
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Sea Surface Topography — Toward A WOCE Strategy 
Carl Wutibch 
14 June 1983 

1* Introduction 

Much of the stimulus for discussing the possibility of conducting a 
global circulation experiment comes from the potential availability of an 
altimetric satellite of high precision and accuracy. Unlike any other 
observable, surface topography Is an oceanic variable, measureable from space, 
that is dy namicall y related to the three dimensional ocean circulation at 
great depths. The surface elevation represents a direct boundary condition on 
the quasigeostrophlc Interior flow fields of the ocean. This Is not so for 
surface temperature, roughness, dielectric constant..., all of which are 
determinable from space, but whose relationship to Che flow field at depth is 
very obscure and in some cases extremely complex. 

The uses of a high accuracy altimetric satellite were discussed at some 
length by The Topex Science Working Group (1981) and that discussion vtlll not 
be repeated. Instead, we simply point out that Seasat lasted just long enough 
CO demonstrate quantitatively what could be done (it did not last long enough 
to teach us anything really new about the ocean). The Seasat mission has thus 
given rise Co a considerable literature which we will summarize below. 

But Che direct measurement of sea surface topography and its use for 
making inferences about the ocean circulation has a history long ante-dating 
spacecraft. Measurements of surface elevation by tide gauges are the only 
really long direct measurements we have of the ocean. In the liands of a 
number of investigators, these observations have been extremely useful for 
studying large scale, low frequency behavior. It behooves us to be careful 
that this very effective observational tool not disappear. In fact, the 
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strategy proposed here for 

imecry, U baaed upon Che suppoaltion that the 

measurement. 

2. What Good Is Altimetry? 

A. Oceanic Variability 

»«, 3 .„„ .d. 

— , d... ... ^ _ 

review, but it is as yet not published) To tri 

). To give some flavor of what has been 

learned consider fivurp i 

from Cheney, Marsh and Beckley (1983). ft shows 
an estimate of global o^soscale variability as determined by Seasat from one 

*...) ... .. ..... .... ........ 

from conventional means and discuss ^ 

, ^ reasons wiiy the altlmetric measurement 

is probably more representative (keen-fn., ^ ^ ^ . 

C eeplng in ntlud the extremely short Seasat 

data base), 

ag-e 2 1. tuhen Pu (i983b),. he showed that estimates could he ^e 
only of the total mesoscale variability energy bnt also the 

^^ngnency/„avenn.her characteristics of that variability as a function of 
position. 

i*..... .... .. ... ..... 33.3.3 ....3.33.. .3 

variability remain of scientiflr -rnhovo ♦. ..u 

erest, that an appropriate future 

aitimetric satellite could easanti^n^ i 

essentially solve the problem (I am aware in this 

, and others like ic below, chat there are no sweeping generalities 

^hat are actually valid-cue ».st consider separately for era^plc. variability 

in the for. of deep topographically trapped waves with no surface geostrophlc 

Pnensnre signature.) Many have argued, that for this reason slone. flying such a 
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mission would be well worthwhile-circumventing the now painful, and expensive 
deployment of moorings or floats all over the world. 

Of course, the variability transcends the meso^ scale. At the present 
time it is almost Impossible to answer the question of what is the nature, 
magnitude and geographical distribution of oceanic variability on spatial 
scales exceeding order 200 km and time scales exceeding a few months 
(something is known in the tropical Pacific largely from the tide gauge 
network there). In that sense, an altimetrlc satellite would permit for the 
first time, an ability to answer the question of whether the ocean does vary 
at all on these scales (which include the extremely important annual cycle). 

(As an example of what this would mean, consider Che note by Worthington 
(1977). Based upon a single hydrographic section across the Gulf Stream in 
1977, Worthington suggested that after the extremely cold winter of 1976-1977, 
that the Gulf Stream was carrying more water than normal (Leetmaa has 
questioned this interpretation of the data, but it is the raising of the 
question that we are interested in). Suppose Worthington is right; was this 
increase in transport something that affected Che entirety of the gyre? Was 
it perhaps confined Co the recirculation south of New England’ What does the 
normal cycle of transport look like? How did the supposed Increase decay with 
time over the gyre’ At the present time we could not begin Co answer these 
questions. But a properly designed altimeter mission would go a long way 
toward providing answers). 

Does Che ocean have any Interannual variability at all on time scales of 
a few years? Good ntaps of the surface elevation could tell ua. The 
cllnatological consequences of the answer are very laportant. 
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B. What Would One Do With Variability Data? 

. Some of our questions about the variability are like the ones described 
above-e.g. is there any variability on scales larger than the mesoscale-does 
the gyre •'wobble" as Stommel and Arml have suggested? The impact of a better 
descriptive oceanography of the variability would be very great and should not 
be minimised. But it is one of the malor virtues of altimetry that we also 
can see how to quantitatively use the data. 

Figure 3 is one of Holland's (private communication) EGCM runs. It is 
displayed here as a representative of all such models now being developed and 
their anticipated offspring 5 to 10 years hence. As Schmitz and Itolland 
0982) and Bretherton (private communication) have emphasized, the ability of 
EGCM.s to reproduce the basis eddy statistics (energy levels, frequency and 
frequency/wavenumber spectra) is a very stringent dynamical test of the 
-dels. To the eztent that such models get the eddy statistics correct, we 
fend to have a greater faith in their ability to compute other, perhaps more 
interesting, but unobserved phenomena (like the oceanic heat flux). 

A more direct dynamical approach was outlined hy Wunsch and Gaposchkin 
(1980) and M.nk and Wunsch (1982, Appendix D, reproduced here as Appendix A). 

It is shown that in principle one can go from an altlmetrlc varlbility 
asurement directly to inferences about the isopycnal variability and hence 
to statements about the three dimensional variability. Obviously the EGCH's 
can do this in a more sophisticated way than one can do with a simple 
analytical model used in the appendix, but the principal is the same. 

How accurately can all this be done? The question has been discussed by 
the Topex Science Working Group. 1981, Fu. 1983b and by Wunsch and ?lotnlckl 
(1983. unpublished, attached here as Appendix B). When one deals with any two 
dimensional time varying field, the answer is not reducible to a single 


368 




369 


number, but is a function of frequency and wavenumber, averaging time, system 
accuracy, position, and calibration procedures. Taken altogether, and with a 
sensible calibration procedure (outlined later) , we believe that all spatial 
scales from the width of the Pacific Ocean (10.000 km) down to the barocllnic 
Rossby radius of deformation (about 30 km) will be observable at the 
sub-centimeter level on time scales from order 20 days to 5 years, 
c. The Time Average Circulation 

Here again, the results from Seasat are probably more convincing than any 

argument, figure 4 is taken from lai and Wunsch. 1983 (the paper is attached 

as Appendix C) . It shows a determination of the absolute dynamic topography 

of the ocean as a three month average over the lifetime of Seasat. This 

result differs from more familiar pictures in that a spatial filter has been 

applied to remove all wavelengths from the surface that are uncertain because 

of uncertainties in the geoid. For comparison, Figure 5 is the recent 

Uvitus. (1932) global picture from averaged hydrography run through the seme 

low-pass filter. The paper. Appendix C, discusses how these surfaces are 

generated, and why the levltus and satellite pictures should be different in 
some respects. 

At the present time, the construct ion of charts such as that shown in 

figure 4 is confined to either the very largest scales as shown, or to 

comparatively small area, where the entirety of the wave number content can be 

capped. The reason is lack of certainty about the underlying gravitational 
equipotential surface. 

Considerable thought must be applied to developing a strategy for working 
with such filtered or spatially limited data. W. propose a t-™-fold approach. 
First, the manuscript attached as Appendix D discusses the use of time 
averaged altimetrlc surfaces with limited geoid. in the context of ocean 
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8h?nbo;rd''df?rrf»Cf!"^‘' obtained from historical 

P (Levitus, 1982) , and filtered in S 2 une way as figure 5. 
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circulation models. The fundamental notion is that known dynamics permit one 
to systematically constrain the ocean circulation from filtered or 
geographically limited measurements— given the property of fluids chat all 

spatial scales and all geographical regions tend to be linked dynamically and 
kinematically. 

The second component of Che strategy is to work for ultimate improvement 
in Che geoid. Special purpose spacecraft have been designed (e.g. GRM, nee 
Gravsat) which should move the useable shortwavelength cutoff down to about 
200 km (Breakwell, 1979) thus leaving indeterminate only those scales between 
200 km and the Rossby radius. If we can identify critical oceanic regions 
(e.g. the western boundary currents) where determination of the absolute 
geostrophic flow would produce especially important constraints, we can 
consider obtaining adequate data to produce regional geolds of high accuracy 
(e.g. Marsh and Chang, 1978). Notice furthermore that in situ determination 
of the geostrophic flow at one instant during Che flight of an altimeter 
satellite, locally determines once and for all the local geoid slope (which is 
the dynamically Important variable). It is possible that a strategy for geoid 
improvement by in situ observations of flow over comparatively short periods 
of cime would be highly effective. 

D, What Should One Do With the Mean Altlmetric Data? 

The manuscript attached as Appendix D sketches the quantitative use of 
mean altlmetric tneasurements in conjunction with models and with a great 
variety of other observations including especially wind stress measurements , 

In general such observations provide strong constraints upon circulation 
models (although more elaborate slmulationa need to be performed). Figure 6 
is an example of Che operation of such constraints. It was produced in the 
following way. The zonal hydrography of the North Atlantic from the IGY was 
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^0 wits a series of constraints (Wunsch, 1978) useful for determining 
the peferertce level in the thermal wind. Using a linear programming 

htfliaiiie (Wiinsch, 19a3b) the maximum and minimum values of the poleward flux of 
heat across 48“N were sought (the fluestion-what is the range of heat flux 
across this latltude?-was chosen as an example of a climatologically 
interesting problem). The range for this purely hydrographic data set is 
displayed on the left of figure 6. It was then supposed that an altimetric 
measurement was available, that provided the slope of the sea surface across 
the Atlantic at 48“N oi^ and only on the 3000 km scale (an arbitrary slope 
value was chosen). A new set of bounds was then computed, shown next in the 
figure. It was thea supposed that only the slopes on a ^ scale were 
available, and finally that both the 300 In. and 3000 ka slopes were measured. 
One sees from the figure the considerable narrowing of the range as plausible 
altimetric Information Is added. In the end, the range may be so small that 
the remaining uncertainty Is no longer a problem. Much more exploration and 
understanding of the constraining value of sea surface slopes with more 

sophisticated models needs to take place, but I believe the principle la 
clear. 

3. An Overall Strategy 
/ao5H< (A 

Figure 7 shows^the tide gauge network displayed by Wyrtki (1979) roughly 
superimposed upon the expected 10 day coverage by Topex. I have added both 
existing and potential positions for tide gauges in other oceans. This 
network would provide the major form of calibration for Topex or any other 
altimetric satellite. The calibration issue is an Important one. Although 
there are many sources of error in altimetric measurements (see Wunach and 
Gaposchkin, 1980, Topex SWG, 1981, Fu, 1983b) most of them (water vapor, 
ionospheric electron content, atmospheric load, etc.) are correctlble to a 
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very accuracy. 

.0 orblraX uucerraXcry and occurs prlncipaUy on rhe longcsr scales (an orbU 
d^a^erer). Tbe Xope. Precision Orblr I^rersanarlon Croup baa esrl.abed rbar 
^hls error can be reduced, rbrougb reallsrlc bracking sysbe.s. bo order U c. 
in each ground brack (lb was aboub ao » In Seasab). Much ol bbls error will 
be reduced by simple be.poral averaging of successive repeablng passes bo 
effecb a /N reducblon. Bub the aosb Important procedure for ultimate error 
reduction will almost surely be the so-called crossing arc method (e.g. Rapp 
1983) where the long wavelengths In successive arcs are adjusted bo make the’ 
alblmetrlc measurements agree where different arcs cross each other. Wunsch 
and Blotnlckl (1.33. In preparation) have studied the remaining residual 
errors. Pignre 8 shows the wavenumber spectrum of the ^ In an alblmetrlc 
anrface. taken ^ one of the measurement arcs after an adjustment (effected 
In this case through an objective mapping procedure). It was assumed 
extremely pessimistically, that the tracking error gave an uncertainty In each 
rblt of 1 meter, not 14 cm. and that the arcs were 1400 km apart, not 200 km 
aa they^actually would be). The rms error Is reduced from (100 cm)^ to 
(24 cm)^ and Is very small at short wavelengths. If the actual value of the 
aea surface Is fixed at one point along a track (by a tide gauge for example), 
the rms error along any other arc was reduced to about (12 cm) ^ It thus 

reduction over the entire globe (because the resulting alblmetrlc surface Is a 
global one), m this sense, one might prefer to think of the altimeter as an 
interpolator between surface measurements by tide gauge. In the next several 

-nths we need to quantify the global error statistics and decide where to 
argumeat the existing island network. 
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It la proposed therefore chat WOCE should be built around a suitable 
altimetric satellite one with adequate accuracy for Improving on what we 
already know about the ocean, and one Chat will fly long enough Co provide 
adequate statistics on the variability, to produce a long enough average for 
studying the interaction between mean and fluctuations, and long enough to 
mount shipboard measurements, aerially, over Che world ocean. The WOCE 
scientific groups should encourage programs for geoid Improvement to be ready 
at Che time when a suitable altimeCric average becomes available; maintenance 
of the global tide gauge network; a program of tidal Improvement both for 
understanding Che tides and reducing them as a source of altlmetrlc error; and 
the development of models suitable for "assimilating” altimeCric data. 




379 


References 

Breakwell, J,V, , 1979* Satellite detenalnation of short wavelength gravity 
variations, J, Astronaut. Soc. , 27, 329-344. 

Cheney, R<E., J.G. Harsh, and B.D. Beclcley, 1983. Global oesoscale 

variability from collinear tracks of SEASAT altimeter data, J. Geophya. 
Res., 88, 4343-4354. 

Douglas, 3.C. and R.E. Cheney, 1981, Ocean mesoscale variability from repeat 
tracks of GEOS-3 altimeter data, J. Geophys. Res,., 86, 10931-10937. 

Fu, L-1., 1983a. Recent progress in the application of satellite altimetry 
to observing the mesoscale variability and general circulation of the 
oceans, submitted for publication. 

Fu, L-1., 1983b. On the wavenumber spectrum of oceanic mesoscale variability 
observed by the SEASAT altimeter, J. Geophys. Res., 88, 4331-4341. 

Levitus, S, , 1982. Climatological Atlas of the World Ocean, NOAA Professional 
Paper 13, U.S, Dept, of Commerce, Rockville, MD. , 173 pp. , and two 
microfiche. 

Marsh, J.G. and E.S. Chang, 1977. S' detailed gravimetric geoid In the 
northwestern Atlantic Ocean, Mar. Geod., 1, 253-261. 

Menard, Y, , Observation of the eddy field in the northwest Atlantic and 

northwest Pacific by SEASAT altimeter data analysis, J. Geophys. Res., 

88. 1833-1866. 

Munk, W. and C, Wunach, 1982a. Observing the ocean in the 1990^3, Phil, 

Trans, R. Soc. Lond. A, 307, 439-464. 

Schmitz, W,J, , Jr., and W.R. Holland, 1982, Sfumerical eddy-resolving general 
circulation experiments: preliminary comparison with observation, J, l.\lar. 
Res., 40, 75-117, 


380 


Tai, C.K. and C, Wunach, 1983. Absolute detenalnatlon of global dynamic 
topography, aubmitted for publication. 

TOPEX Science Working Group, 1981. Satellite Altimetric Measurements of the 
Ocean, Jet Propulsion. Laboratory. Pasadena, CA, 78 pp. 

Worthington, L.V, , 1977. the intensification of the Gulf Stream after the 
winter of 1976-1977, Nature. 270, 415-417. 

Wunsch, C, , 1983a. On inferences concerning the large scale ocean circulation 
from remote and integrating measurements, unpublished manuscript, 14 pp. 

Wunsch, C. , i983b. Towards the general circulation of the North Atlantic - 
2: water mass conversion rates, in preparation. 

Wunsch, C. and E.M, Gaposchkin, 1980, On using satellite altimetry to 

determine the general circulation of the oceans with application to geoid 
improvement. Revs. Geophys, and Space Phys., 18, 725-745. 

Wunach, C, and V. Zlotnicki, 1983, The accuracy of altimetric surfaces, 
in preparation. 

Wyrtki, K, , 1979, Sea level variations: monitoring the breadth of the Pacific, 
EOS, Trans, Am. Geophys. Un,, 60. 25-27. 

Wyrtki, K. , L, Magaard, and J, Hager, 1976. Eddy energy in the oceans. 

J. Geophys. Res., 81, 2641-2646. 


381 


(D 1) 


Appendix /^.Inferences about the interior ocean from 

SURFACE MEASUREMENTS BY SATELLITE 

Consider a region of the ocean where linearized theory applies well to the time-dependent 

motions. Then over a flat sea floor the pressure field describing the three-dimensional fiuid^modon 
may be written (using F for dF/dz) motion 

Pri^7^/i = Aj.Fr(z) Pr{x^^) 

The vertical wave functions F,{z) can be obtained from 

subject to the boundary conditions 

^=.0 on z = -Z), F'-gA~^F^0 on z =. 0, (D3) 

where N(z) is the buoyancy frequency, thus resulting in a Sturm-Liouviilc problem for linear 
Rossby waves. P satisfies a horizontal equation 

rr rrom' antZt wavenumber and frequency. If we can deduce 

(D Ind r TTr determine P.(,r,y) from t.be differential equation 

(D 4), and similarly F, from (D 2) and (D 3). The pressure field is given by the mode summadon 

= Z drF^iz) Y^{y) c‘UVJ-^,0 gj 

and the perturbation density field p is found from 

~Pg = 

bfusL‘t“r“”'’‘'T‘'' dmilar models can 

be used m regions of strong mean shear or bottom topography 

Tile variable velocity at depth can be inferred from a mode summation 


= ^';(z) ^(y) 

iV{y) 


which ,s analogous to (D 1) for pressure (density), and subject to the same considerations 
n determining the time average density and velocity field, the practical approach is probably 
to rcTa^ ^”d assimilation techniques. But an interesting analytical poi^ibility I 

to relam the measurement to the thermohalinc circulation models of the ocean (Wclandcr ^ 

According to Welander, there is an integral of the quasi-geostrophic equations of motion i! the 

sin (latitude) dp/dz = G(p,pi.pgz}, 

where Gis an arbitrary function. Undersome circumstances the satellite determination of surface 

sional h 7 nt"'' mformation on the three-dimen- 

sional behaviour of C and hence offt and the three components of velocity. 

other ° b<= «plorcd, the existence of the mesoscale and 

ocean variability raises fundamental questions. The variability induces eddy correlations 

oresln'or"! 1 P“P" finally answer the 

question of whether the resulting edoy fluxes are important to the time-average flLs. There is 

probably no substitute for good eddy-resolving general circulation models until the eddv 
processes are better understood. ^ 
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APPENDIX C 


An Estimate of Global Abaolute Dynamic Topography 
Chang-Kou Tai ^ 
and 

Carl Wunsch 

^teorology and Physical Oceanography 
Department of Earth, Atmospheric and Planetary Sciences 
Massachusetts Institute of Technology 
Cambridge, MA 02139 

abstract 

We estimate the absolute dynamic topography of the world ocean from the 
largest scales to a short wavelength cutoff of about 6700 km for the period 
July through Sep ember 1978. The data base consisted of the time sveraged sea 
surface topography determl.ned by Seasat and geold estimates made at the 
Goddard Space Flight Center. The issues are those of accuracy and resolution. 
Use of the altlmetrlc surface as a geold estimate beyond the short wavelength 
cutoff reduces the spectral leakage in the estimated dynamic topography from 
erroneous small-scale geold estimates without contaminating the low 
wavenumbers. The resulting surface represents a current best estimate of the 

long wavelength components of the surface boundary conditions of the oceanic 
general circulation. 


Now at Scripps Institution of Oceanography, La Jolla, CA 92093 
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1. Introductioa 

Oceanographers have long recognized that knowledge of the absolute shape 
of the sea surface elevation* c. relative to an equipotential surface of the 
earth's gravity field (the special one usually denoted the ’‘geoid") would 
have a profound impact upon the problem of determining Che global ocean 
circulation. The slope of the surface elevation is equivalent Co the 
determination of the unknown reference level velocity in the dynamic method. 

If one knew ? with adequate accuracy, the notorious level of no notion problem 
would disappear from the concerns of oceanographers. 

The advent of satellite altimetry has for the first time made It 
plausible to discuss seriously the possibility of direct determination of c. 
The concept has been described by Mather. Rlzos and Coleman (1979). Wunsch and 
Gaposchkln (1980), Roemmlch and Wunsch (1982), Tai and Wunsch (1983), Tal 
(1983) and others. We will not reproduce’ here all of the many details, but 
will briefly mention the major conceptual problems. Consider the absolute 
shape of the sea surface S(6,X) as seen from a coordinate system fixed at the 
center of the earth (0. X are latitude and longitude). We may write it as 

S(e,X) » i;(0.X) + N(8.X) + r(0,X) 

where N(0,X) is the geoid and r contains a number of contributions (discussed 
at length by Wunsch and Gaposchkin, 1980 and Fu 1983) which we will consider 
to be noise for present purposes. 

From the me.surements of Seasat. highly accurate estimates, S, of S have 
been produced (see Marsh and Martin. 198Z; Rapp, 1983) averaged over the 
period July to September 1978. Coupled with an estimate, N. of N, (where 

A 

N » N+fiN) we obtain an estimate c of i; as 

A 

C*S-N»j;+5N + r /i\ 

\ 

(Wunsch end Zlotnlclci, 1983. ehnvr ,6h.t ISS|«|6N|. in aenerin 
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but note that crossing-arc analysis (Marsh and Martin. 1982) has 

been used to reduce the orbit uncertainty error in constructing S. 

But systematic errors cannot be removed this way. Suppose the 
gravity field estimate which was used to determine the orbit 
underestimates the gravity field in a certain region. The true 
orbit is then lower over this region than the computed one. The resul 
is that estimated sea level S is higher than true sea level 
over this region. Further compounding of the problem occurs if one 
uses the same geoid estimate in eq ( 1 ) to take the difference. 

We should also point out that Lanfeeck and Coleman, 1983^ have 

challenged published statements of geoid accuracy without resolving 
the issue.) 
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To make the expression (1) of any use, one must estimate N accurately. 

A 

At the present time unfortunately. |6N|>|i;|. Zlotnicki (1983) revieva the 

various procedures (note chat for many geophysical purposes, where N is the 

quantity^of direct interest. It often suffices to write, to the lowest order N 

" approximation is Inadequate' for studying oceanic flow 

fields) . 

As with any function defined on a sphere, we may write 

“ n 

a ^ I t m Y®(0,\) /2) 

n*0 m=— n ^ ^ 

where the are spherical harmonic coefficients. For low degree and order 
(small n.ra) Che coefficients tF have been determined by tracking earth 
orbiting satellites over Che past 25 years. Because each term in (2) (more 
precisely the related term describing the equipotentials at satellite height 
rather chan at sea level) perturbs a satellite orbit somewhat differently, one 
can obtain estimates N for small n,m from such Cracking data (see Kaula, 

1966). 

Because Che gravity field above the surface of the earth is a solution to 

Uplace's equation, the effects on satellite orbits of terms for large n,m 

diminish rapidly, and above degree n of about 20. the effects are so 

Insignificant as to render Impossible the reliable estimation of N“. 

n 

These high degree and order terms must be estimated locally from 
shipboard and continental measurements of gravity acceleration, or by indirect 
means (which we will discuss elsewhere). We have global estimates of N for 

low degree and order, but have only regional estimates for high degree and 
order. 

Spherical harmonics of low degree and order correspond Co Che amall 


387 


wavanu^ber compcaeats of N (the wavelengths are approxl„ately 40,000 k»/n) . 

Preliminary estimates of the accuracy vdth which H is known now suggested to 

us that although we could not usefully employ ( 1 ), that a modified form might 
be excremely powerful. 

I^t h' - f**h represent the two-dimensional filtering operation, with 


filter f, designed to remove from a.ny field h all wavenumbers above a cutoff k 
- Ite. On a sphere, the filter Is designed to remove all spherical harmonics 
from the field h above degree n - n^ (the filter used is a straightforward 
spherical harmonic expansion with the expansion cut off at degree n,,) . Then 


we can accempt an estimace 


C' - (S-N)’ 


(3) 


of the spatially low-passed At the end, we will discuss the utility of 
such esCimaCes. 


2. Procedures 

Urch et al. (1979) produced an estimate of the geold from orbital 
perturbations which they denoted GEH-9 (for Goddard Earth Model -9). We writ, 
their estimate as Nj - N-dUp where 6Ni is the error. Table 1 lists their 
estimate of the rms error dNp as a function of degree (the square root of the 
power density spectrum of 6Ni). Tal (1983) analyzed the energy In Wyrtki-s 
(1975) estimate of the dynamic topography of the Pacific Ocean, an estimate 
which was based solely upon hydrographic data and a 1000 decibar reference 
level. He found Chat of the power in Hyrtkl's surface lying between degrees 1 
and 36 (wavelengths of about 1100 km), over 80X was contained in degrees 1 to 
6 (about 6700 km), thus reinforcing the idea that the oceanographic signal 
might be visible at long wavelengths in the difference (3). 
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Tai and Wunsch (1983) displayed Che surface (3) for the Pacific Ocean 
complete Co degree and order 6 with encouraging results. We have thus been 
led Co make a similar attempt for Che entire globe which la the purpose of 
this note. 

The reader may have noticed that although the geoid is defined globally, 
the sea surface elevation is not and that altimeter measurements are 
meaningful only over Che oceans. The complications this brings into the 
problem are discussed by Tai (1983); in summary, the problem is treated as 
follows. We can define ^ Co be anything we please over land and it is moat 
convenient to define it as zero there. The spherical harmonic expansion of t; 
is thus defined as Chat of a function equal to Che sea surface elevation over 
water, and zero everywhere else, Let^o be the ocean function as defined by 
Hunk and MacDonald (1960), i.e. we have 

C o(0) “ 1 over ocean 
• 0 over land 

(1) multiplied by^ q becomes 

A 

C » C + 6nTo + 

Let 5N » and r » r^Q. If we expand i; in spherical harmonica, 

zm = Z® + 

n n n n 

A 

where Z®, Z®, 6N® and are the coefficients of c, and F respectively. 

The coeffleienta ^ 5N®; rather they are a convolution (on a sphere) of 
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the coefficients of 6Nm with those from the ocean function (tabulated by Hunk 
and MacDonald, 1960), the result is a leakage of energy from different degrees 
and orders into others. Those terms where the geold estimate is highly 
accurate may be corrupted by neighboring less accurate terms. This leakage is 
an analogue of that encountered in one dimensional time series analysis where 
finite data lengths cause leakage of energy from one frequency used in a 
Fourier transform to another, and where the finite data length prevents 
resolution of frequencies insufficiently separated. The remedies on the 
P are the same as i,hose in one-dimension and are discussed by Tai (1983), 
Our chief concerns are to minlmlae leakage effects and to obtain an estimate 
of the resolution for coefficients of neighboring spherical harmonics. 

GEM 9 and Rapp s (1983) estimate of S were used to produce our first set 
of results (Fig. 1). To further reduce the leakage, the geoid model was 
modified. As pointed out before, for geophysical purposes, it often suffices 
to use N ~ S. Uroh et al. (1982) produced just such a gravity model which 
they denoted PGS-S4. PGS-S4 is more accurate than GEM-9, because the model 
error of PGS-S4 is about the size of |c|, whereas that in GEM-9 is several 
times the size of |c|. However PGS-S4 cannot be used directly, because it 
contains ?. But PGS-S4 ^ be used to reduce the leakage from large error 
terms beyond the cutoff degree n... So a mixed model was produced for our 
purposes; it is equal to GEM-9 for terms of degrees less or equal to n,., and 
assumes PGS-S4 vaues for terms higher than degree n^. We write it as 

«2 = N-6N2. Beca«se|6N2|<|6Ni| for n>n<,, | 6 n“„ |< | 6 n“„| . on average. 

The basic procedure was as follows. The difference between S and the 
gravity model was taken over the oceanic region bounded by 70°N and 70°S 

mean was removed and a 10“xl0'> running average was made 


latitude. The areal 
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to remove terms of degrees lilgher than 36. The result was then expanded In 
terms of spherical harmonica complete to degree and order 36. After some 
experimenting, the cutoff degree was chosen to be degree » 6, thus 
removing from the result any direct effects of having used S as an estimate of 

A 

N beyond the cutoff. A second estimate, ^2* based on this revised procedure 
is depicted in Fig, 2. It differs in detail from figure 1. The degree 

A 

variances of (derived from GEM-9) and C2 (derived from the mixed model) 
are listed in Table 1. 

3. Results 

The altimetric surface S determined by Rapp (1983) represents an estimate 
from three months of data in the sumaer and autumn of 1978, We would expect 
for a variety of reasons , a dynamic height surface based on it to differ from 
-■'ther estimates. Previous estimates have been made by a number of 
investigators (e.g. Seid and Arthur, 1975 for the Pacific Ocean, and Lavltus, 
1983 for the global ocean). All these other estimates are based upon time and 
apace averages of hydrographic data. They should differ from our estimate in 
three primary ways: 1) The hydrographic estimates are averages of data 

acquired over many years; our estimate is much closer to being a "snapshot'* in 
late 1978; 2) Hydrographic estimates are computed relative to an arbitrarily 
chosen pressure surface ; our estimate is an absolute one in the sense that the 
reference surface is the geoid; 3) We have removed all wavelengths shorter 
than about 6,000 km from our estimate whereas the hydrographic estimates 
contain all wavenumbers, although they are subject to gross and highly 
variable aliasing as a function of location. 

Regarding this third point, note that Roemmich (1983, private 
communication) has shown Chat the comparatively large station separation of 
the IGY Atlantic sections generate# a long wavelength alias owing to the 
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non-resolved mesoscale. The El Nino signal in the tropical Pacific can 
amount co 30 to 40 cm; with irregular sampling, some of this will appear in 
the large scale average. The altimetric surface is not entirely free of 

aliasing, but the sampling is globally uniform and the error is much reduced 

(see Wunsch and Zlotnicki, 1983). 

We may however Isolate several features of our result to compare with 
I^vitus' (1983) global chart (figure 3), All the major subtropical gyres in 

^ A 

both and ^2 correct sense. The clearest result Is achieved in 

the North Pacific where the spatial scales of flow are maximum and thus most 
likely to survive the filtering. In contrast with the result of Tai and 

Wunsch (1983), the filtered flow Is more zonal and the center of the gyre is 

closer to the western boundary. But the low in the eastern North Pacific (Tai 
and Wunsch, 1983) is still present in Fig. 1. This low is largely eliminated 
in Fig, 2, implying that it is probably caused by leakage stemming from terms 
of degrees higher than 6. There are two gyres in the South Pacific, in 
contrast to Levitus' chart, but consistent with direct surface current 
observations (Meehl, 1982; but Ekman transports complicate direct comparison). 
The flow field of the Indian Ocean in Fig, 2 looks more conventional. However 
the low to the southeast of Africa is virtually unchanged from Fig. 1. If its 
origin is in geoid error, then these are most likely errors in degree 1-6. 
Generally speaking, the slopes of the altimetric results are steeper than 
those derived solely from hydrographic data. Although the steep slope between 
the North Pacific and the Indian Ocean could be due to orbital error (i.e., 
the fixed orbit in the crossing arc adjustment process (Rapp, 1933), one 
expects a nearly Instantaneous snapshot (3 months is a very short interval 
when discussing the general circulation) to have stronger highs and lows than 
a multiyear average. 
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A. Discussion 

We are aware of at least thrrje other atteapta to produce aurfaces similar 
to that shown in figure 1.2. Engelis* <1983) is perhaps closest to ours in 
methodology, but he fails to discuss the resolution problem and did not smooth 
the data to reduce aliasing. Low-pass filters other than the spherical 
harmonic expansion were used in the other two attempts. Douglas. Agreen and 
Sandwel (1983) confine themselves to an estimate based upon one three day 
period (the fact they succeed as well as they do with so little data is very 
encouraging for future, higher precision, satellites than SeasaC). Cheney and 
Marsh (1983. private communication), used PGS-S4 directly. Xhelr results are 
difficult to Interpret, since they have removed a portion of z in the 
difference (3). It is thus impossible to know which of the small scale 
features their figures display should be taken seriously. 




tr 
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For a slightly „re direct cc.parlson, we show In figure 4. the Uvltus' 
(1982) average dynamo topography filtered the sa.e way as Fig. TLI ro leave 
ooly the wavenuMher components out to degree and order 5. The comparison with 
our figure 2 remains ,ulte good In the Pacific Ocean (where we anticipate the 
beat results). But the filtered version of levltus • surface falls to show the 
closure of the subtropical gyre-unlike the atllmetric results. 

Differences of this sort are easUy rationalised for all the reasons 
previously listed. 
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The reader may vender what is the use of the dynamic topography of the 
ocean obtained only in a low-pass filtered form. The answer to this 
queaclon la sCraighcforward. 

As With any physical phenomenon, w. „.y often choo.e to l.ol.te the 
physic, in .pacific wavenumber and frequency band.. Filtering in frequency i, 
. commonplace-e.g. we discuss the mesosc.le frequency variability in current 
weter records after having filtered out longer and shorter periods. We can 
ash Whether our physical models are capable of describing that particular band 
of frequencies and trying to understand relative amplitude and phase 
relationships. Such band-passed records may fail to satisfy certain physical 
constraints (e.g. causality or conservation of total energy) but they are 
nonetheless extremely useful. Precisely the same applications can be made in 
wavenumber space: do our general circulation models reproduce the observed 

Tong wavelengths in sea surface elevation. • If they fail to do so. where, and 
wlrh What time scales do they fail. Can we force general circulation models 
Of the ocean with low-pass filtered sea surface elevation boundary conditions 
nnd have the models compute the shorter wavelengths for us. Wunsch (1983) 

discusses the general problem of Inference from filtered sea surface 
elevations. 
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Table 1. 


Square roots of degree veriences, in centloetera, 
*5^1 (for ( 2 M 9), 


CIj ^2» and 


Degree 

A 

ci 

A 

52 

A 

6Ni 

1 

43,2 

41. a 

— 

2 

28.7 

29.4 

3.9 

3 

14.6 

14.5 

11.8 

4 

21.7 

16.6 

9.1 

5 

19.7 

22.1 

19.8 

6 

34.7 

30.1 

16.3 

7 

31.5 

20.8 

29.4 

3 

33.4 

20.8 

24.9 

S 

30.7 . 

20.1 

37.9 

10 

31.0 

21.8 

34.5 


I 


1 

f 


. ■ 1.1 


:.w jL^ ig B.'uftaaamr ii w -iJi i' i i > 
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Figure Ceptlon 

Fig. 1. Absolute dynamic topography estimate, cj. in meters. It Is viewed 

through a low-pass filter corresponding to summing spherical harmonics 
compleca to degree end order 6. 

A 

Fig. 2. Seme am Fig. 1 except for C2* 

Fig. 3. Mean annual dynamic topography. In meters, surface relative to 2000 db 
(from Levltue, 1982). 
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0. Ci„.l„i„ 

« ««» Integrating Measurements 

■ I Carl Wunsch 

13 June 1983 

!• Introduction 

The advent ot technoXogies for observing the ocean on the 

argest scales has opened up soa,e interesting questions 

concerning methods for mating inferences about the three 

dimensional ocean circulation and variability. So^e of these 

technologies, e.g. satellite based, or acoustical, are 

sufficiently different in concept from more conventional 

-Hods (e.g. current meters, that the relationships between 

t s Observable and the quantities of physical interest are not 

always obvious. Here we will focus on two novel 

technologies-ocean acoustic tomography and satellite 

altimetry-which present different problems of physical 

xnference-and discuss procedures for using the measurements 

scatements about the ocean. These two technologies 

were am.:,g the ones discussed by Munk and Wunsch (1982a) as 

candidates for a system for basin and global observations o..^ 

the ocean. The exclusion of other methods (e.g. Sofar floats, 

- not meant to imply that tomography and altimetry are 

sarily entire, or even partial, answers to the difficult 

problem of oceanic observation. But they are specific, and 

under active study, and they thus provide examples of various 
possibilities . 
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The process of making inferences about the ocean from 
observation is a necessary amalgam of data and knowledge 
garnered from a vast array of sources — ranging from 
independent and different observations, to dynamics, to 
"hunches". In the meteorlogioal context, much data analysis 
is done by the assimilation of observations into large 
complex, numerical models (see for example, Bengtsson, ^ 
1981). In the oceanographic context, studies in this mode of 
tomography and altimetry are underway, (P. Malanotte-Rizzolli , 
private communication, 1982). But the models are complicated, 

and the precise means by which one uses them for assimilation 
are not yet clear. 

Here we will take a different approach. We will 
cemonstrate the joint use of realistically simulated altimetry 
and tomography with a dynamical model of the ocean 
circulation. We will emphasize the steady (i.e. time 
independent) circulation problem, because the linearized time 
dependent problem is much easier, and its solution was 
sketched previously by Wunsch and Gaposchkin (1980) and Munk 
and Wunsch (1982a, Appendix D). 

The model we will use (that of Pedlosky, 1969) is very 
specific and has clear dynamical limitations. In what 
fallows, we will attempt therefore, to do two things— to 
formulate the problem generally, to demonstrate how one would 
proceed, almost certainly numerically, with ^ model; we will 
also show how to proceed analytically with this particular 
model as an interesting example of the possibilities in 
particular cases. 
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2. A Model 

Pedlosky (1969) analyzed the response of a linear, 
diffusive ocean to an imposed windstress and surface 
temperature. The basic stratification was taken to be a linear 
function of the vertical coordinate, z, in order that the 
lowest order heat equation be satisfied identically. The model 
was not expected by him to be very realistic; but even this 
comparatively simple physics leads to a surprisingly intricate 
solution— as Pedlosky shows. From our point of view, the major 
virtue of the model is its completeness — one can fully 
understand the relationship between any dynamical variable and 
the requirements of all the boundary conditions— including the 
surface forcing and those on the meridional and zonal walls. 

In more complex models, e.g. the’ non-linear thermocline models, 
there is no explicit relationship available that indicates the 
structure of the dynamical fields and their relationship to the 
boundary conditions. The linear model of Rattray and Welander 
(1976) is another useful candidate for an analysis such as 
ours; It has a more realistic basic state and a more active 
connection between the interior and the western boundary 
current, but a less interesting relationship between the 
interior vertical velocity and the thermocline structure. In 
any event, we have chosen the Pedlosky model for our examples. 
His model and our procedures are meant to be an analogue, or 
metaphor, for more realistic models and procedures. 
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We begin with the interior fields, in Pedlosky*s 
notation, {but using a subscript I for "interior’* rather than 
his T), in the ocean of Figure 1, he finds that away from the 
oceanic sidewall boundary layer we can write 


“ 7 / coskc ^ dk 


3x 


( 1 ) 


vi(Xo,yoFC) - I / coskc (- ^ -^) dk 


( 2 ) 


©I 


~ 7 coskc TT- dk 

o ^ 


(3) 


^li^orYort;) = I / sink? 0i(Xo/yo^k)dk 

o 


{4: 


©it^o/yo^k) = C(k)exp{- Cl-Xo)} + 

1 f2 3 

2B f'" To(x',yo)-k(as)‘'^- £ .7x(f ) ] esp k" ( x - -Xq ) }dx 

C(k) = ( / U-exp(.j|-)]|idy} ^{/ dy' f dx / dx ' [k^To(x’,y': 


1/2 ^ 

-(as) Sw/et J^“’i^x(_T/f) 3 exp{-k‘*f V20 {x'-x)> 

1/2 ^ "3 

-(as) £„/et /dx'[ — ij_] t(x)(x',1) 


Ef 

3 


+ (as)^^^ Ev/et / dx'[-r^^ — ] _T^^Ux' ,0) 
o k^+^ 2f(o) 


Ef 


(6 


407 


Where s, f and all other variables are non-dimensional, e is 
an H.man number, 

rs. To and t are the imposed surface temperatures and 
xn stress, a xa the Prandtl number and S a Burger number. 

■« c .. tt. a.ptt ....„ 

sea surface. ^ 


3- Altimetric Measurements 
3.1 Perfect Data 

We will first consider 

^ altimetric 

satellite measures the sea sn>-fa .. 

urface topography relative to the 

geoid. Initially we win 

ly we will assume that the measurement is 

perfect and only later discuss the ettects ot errors and 
-PUng gaps. Complete discussions ot altimetric systems ca 

Workin g" '^aPoschkin (1980), the TOPEX Science 

Working Group (1981), Fu (I 9 flq^ c*. 

ru 11983), Stewart (1983), 

is (JT P«ssure field of the ocean 

xs (combining 3, 5, 6) 


Pl>x.,y„,o, -yy.J I^,l-,„,,aK 

* 7 ' J? Ik*T„u. ^ 
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It is supposed that by use of the altimetry as described in 

the above papers, we can make a determination of Pi(xo, yo, 0) 

and this is our -data". What inferences can we make about the 

full three-dimensional ocean circulation from this measurement 
alone? 

The very first step in a problem such as this is to 
decide what is to be regarded as "known" and with what 
certainty. For present purposes, we will idealize the 
situation and suppose that the model physics is complete~i.e. 
we will discard the (usually realistic) possibility that the 
model is incapable of accounting for the observations (a 
simple analogue is the case where we assert that some data is 
fittable with a straight line, discarding the possibility that 
a quadratic is really required. We can make tests a 

£o_ steriori to see if a more complex structure should have been 
included ) . 

The only potentially uncertain parameters of Pedlosky's 
model then are the physical coefficients, i.e. eddy 
coefficients (appearing in the guise of Ekraan and Prandtl 
numbers), the gross stratification, etc., and the wind and 
thermal forcing at the surface appearing through T(xo,yo) and 
T. For illustration, we will regard the Ekraan number and 
other problem parameters as given and known with total 

certainty (it is easy to extend the treatment to include these 
parameters) . 

We are now faced with a linear inverse problem— to make 
inferences about To(xofYo) and jr from measurements of pj 
through the vehicle of equation (7). In a linear problem. 
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there is no necessity to work with perturbations. However 
most real problems will be non-linear and probably to be 
approached through a perturbation procedure. Therefore, 
suppose we have an a £riori estimate of both and ^ leading 

to a known a £rlori estimate of pj. we thus measure the 
perturbation 

iPl(Xo-yo»0) - P(ATo,At) (8) 

where F is the same operator appearing in eq. 7 but applied 
instead to the perturbation fields. 

Now it has been demonstrated that one can directly 
measure with scatterometers the wind stress over the sea from 
space (e.g. Chelton ^ al^, 1981- Satellite Surface Stress 
Working Group, 1982,. But the temperature field occurring in 
(7) IS not the sea surface temperature, it is probably best 
interpreted as the temperature at the base of the mixed layer. 
There is no known way of making direct observations of this 
field from space. So we can pose the following useful 
question: is the measurement of the surface pressure field by 

altimetry a useful substitute for the direct determination of 
the thermal forcing? If it is, then the altimetric 
measurement would permit computation of the full three 
dimensional circulation. For illustration purposes then, let 
assume that jr is known (this is not a requirement for what 
follows and in practice one would almost certainly carry both 
the thermal and wind fields as unknowns, with satellite 
determined pressure and wind and any other observations as the 
data in a joint inversion problem). 
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To be consistent with Pedlosky's underlying assumptions, 
put sr iTo(x' ,y* )dx'dy* » 0. 

Under these circumstances, (8) reduces to 


.2 1 


iPl(xoryofO) =■ / <3x' ATo(x' ,yo)/ Jc^exp[- I- k‘*(x'-Xo)]dk 

Xo o 

Performing the integration over k, we have 


(9) 


Api(x„y„o) =mZ4) ) 5o(x-,yo)dx- 


(10 


Eg. (10) is an Abel-Volterra integral equation (see 
Sneddon, 1972, p. 209} with solution 


ATo(xo,yo) = 


-4sin ^ 
4 


^Pl(tryo/0) 


r(3/4)(fVB)^'"* ‘^=‘0 Xo (t-Xo) 


i/4 


dt 


( 11 ) 


Thus complete determination of the thermal perturbation is 
possible from the pressure perturbation alone; the result 
supports the idea that even in the absence of thermodynamic 
information, altimetry plus scatterometry will very highly 
constrain any plausible model of the ocean circulation. 

3.2 More realistic data 

Any real altimetric data will contain noise, have some 
finite spatial coverage, and generally be incomplete. While 
the expression (11) is a useful theoretical tool, one needs to 
understand the extent to which inversion for aTq (or for At) 
is practical, and stable. More important, (11) is model 
dependent; we would prefer a formalism that is not dependent 
upon the accidents of a .particular model choice. 
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In the general context of inverse theory, we have a set 

of observations Ap^, unknown model function AT with a known 

relationship (9 or 10) between observations and model, and 

some a understanding of the noise in the observations. 

We can proceed to make inferences about At, in a variety of 

ways: e.g. the form (10) can be used immediately in the 

Backus and Gilbert (1967, 1968) inverse formalism (see 

especially Parker, 1977). Instead, we re-write (9) in discret, 
form 


^Pl(xi/yifO) - z aijiTo(xj,yj) 


(12a) 


or 


APl = A ATo, APj = {APi(Xi,yi) }, 


(12b) 


“ {ATo(xj } 

(Xi.yi) being observation points and (xj,yj) being places 
where AT, is sought. We could use either the singular value 
approach of Wunsch (1978) and Munk and Wunsch (1979), or the 
optimal estimation approach of Liebelt (1967), Bretherton et 
al^ (1976), Cornuelle (1983), Zlotnicki (1983). This latter 
method is particularly useful when we are willing to make 
assertions concerning the spatial covariances of the data 
errors and of the temperature perturbations. All of these 
methods can be shown to be equivalent (see Zlotnicki, 1983, 
for a review). Wunsch and Zlotnicki (1983) have provided 
estimates of the expected error covariances in the altimetric 
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measurement and with the formulas of Liebelt {1967) we can 

write down explicitly the error with which we can determine 
AT 

A 

<(ATo-aTo)^> » GlT-£TTA'^tACT^AT+CNN)-lAC'^n^ (13) 

A 

where iTo is the best (minimum variance) estimate we can make 
of 6.1 0 , Ctt is the covariance of the true field iTo, and C^n 
is the covariance of the errors ’in the measurement of ig. 

Because (Tai and Wunsch, 1983) in practice the altimetric 
measurement will define the ocean circulation only on long 
wavelengths Clong" being defined in terms of the error 
budgets of geoid estimates), it is particularly important to 
note that spatially averaged value, of apj are invertible for 
spatially averaged values of Mq. The model itself provides 
the "best-estimate" of the unobserved short wavelengths 
- forced to be compatible with the long wavelength 
observations and the known dynamics, 

3.3 Measuring Short Scales 

It is typical of fluid flows that widely different 
spatial scales are linked both kinematically and dynamically 
and the same is true in this particular model. Pedlosky 
shows, for example, that the structure of the western boundary 
current can be written explicitly in terms of Bj. If we have 
managed to construct a regional geoid (and these exist, e.g. 
Zlotnicki, 1983; Marsh and Chang, 1977) that includes the Gulf 
Stream system, then an altimetric measurement on the short, 
0(100 km), scale will constrain and add information to 
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knowledge of the larger and intermediate scales, it seems 

unnecessary to display the explicit relationships as they are 

structurally the same as those already described for the 
interior scales. 

4. Acoustic Tomography Measurements 

Munk and Wunsch (1982a, b) discuss the realistic 
possibilities for velocity tomography, the ability to 

determine areal averaae 

erage vortxcities and to infer areal average 

vertical velocities. A large number of possibilities exist 

ing and interpreting these measurements. Here we will 
examine only a simple example. 

From the expressions (2 s u 

we have explicit 

relationships between the velocities and the forcing fields. 

we assume following Munk and Wunsch (1982b), that we are able 

to make estimates from velocity tomography of u,v as a 

function of depth for fixed x v x 

xxea XcYq, The surface forcing by 

temperature and wind is i- 

IS still linearly related to the 

data— again setting the staa^ = t 

g for a linear inverse problem. A 

mbination of ( 1 , 2 ), as in a tomographic circulation 

(vorticity) measurement, remains a linear combination of the 

unknown f ields-preserving the structure of the problem. To 

reduce the present problem to its simplest possible terms, we 

suppose once more that we have estimated x from a 

scatterometer in space and that our tomographic array is 

sufficiently large to average out the effects of mesoscale 

variability, but sufficiently small that we can regard the 
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measurement as applying to a single point, Xq/Yq, in the 
ocean. {The great virtue of tomography is its natural 
integrating behavior). 

Consider then the measurement of the perturbation 

meridional velocity 
3p4, 

=* A 3^ (xo/Vo/?) 

2 f ^ ^ I ^ ^ 2 

= ¥ 2B J" =oskcdk / A ^ (xo yo)exp{-i^ (x'-Xq) }dx' 
o Xq JO p 

This expression shows that the meridional velocity is 

determined by, and thus contains information concerning, the 

forcing fields only to the east of the observation point and 

is a consequence of the Sverdrupian interior in Pedlosky's 

model (a similar result applies to the altimetry). More 

complex models in which the interior is determined in part by 

the western boundary currents would have a different 

information structure. 

With adequate vertical resolution from the tomography, we 
will be able to determine f Avjtxo^yor c) = APi(XoyofC) and 

to find their Fourier transforms fAv, Ap{xo,york) . Thus 

®Yo jT 

fAvi(Xo,yo,k) = -j-i- Api(xoryork) 

2 z ^ 

"" 7 2S ^ ATo(x* ,yo)exp{ — - — (x*-Xo)}dx* (15) 

Xo 


k 




2fk 


». «.«■ »-. „ „,„„ 

_r ” “ ' *‘-'=> “' “• tt.».i <=«*», 

Sv_ ( X » V/-. ) h f V — v_ ^ / j_ • 


( 16 ) 


8y, 


uiiecmaj. torcing 

■<-yo)h, ,3 

e r\f . 


— •>«***w u^Wli ^ 

in terms of the ve >-♦.■{ 

ertxcal wavenumbar structure of the 

meridional velocity field Ea mc. 

can thus be easilv 

inverted to give easily 


ik ^^o(x-,yo) . f . expfllLfS!!, - 

-i«+a 2k ^ 0 ^^'^l(^ 0 'yo/^c)e ^ " 


d(k‘') 


(17) 


4.2 Numerical procedures 

As with the altimetrv hu 

.oz, z. ::::zi::i '" " * 

.. , r 

resolution in the data. But we can v, •. • 

an write m general. 


^^^l(^^o.yo.k) = E bi-i -1- AT 

j 3yo '^^o^^j'yo) 
and proceed exactly as described above 
inversion. 


(18) 


for the altimetric 
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5, Some Concluding Remarks 

In practice, we would choose to perform a simultaneous 
inversion for wind field and thermal forcing as well as any 
other model parameters less than perfectly known-in terms of 
all available data including the- tomography, scatterometry, 
and altimetry. The principles outlined here are not model 
dependent although the detailed structure of the answers we 
Obtain is. A major advantage of model dependent inversions is 
that the solutions we obtain automatically satisfy the 
appropriate model boundary conditions-which are constraints 

contributing important information to the structure of the 
solutions a 

Although it may be possible to find more elegant 
approaches, in using a numerical model the methodology 
outlined here, based upon a set of analytical relationships, 
may also be used. If a perturbation expansion is practical, 
then one can compute, numerically, the set of partial 
derivatives of, for example 

aAT(x‘ rV' ) 

3AP(x,y > 


9AT(x» /V* ) 
a AV(x,y) 

and proceed as before. A related method is to find, 

numerically, the appropriate Green's functions for the 
problem. 
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